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ABSTRACT 
 
BACTERIAL AND PHAGE INTERACTIONS INFLUENCING 
Vibrio parahaemolyticus ECOLOGY 
By 
Ashley Lynne Marcinkiewicz 
University of New Hampshire, May, 2016 
 
 Vibrio parahaemolyticus, a human pathogenic bacterium, is a naturally occurring 
member of the microbiome of the Eastern oyster.  As the nature of this symbiosis in unknown, 
the oyster presents the opportunity to investigate how microbial communities interact with a host 
as part of the ecology of an emergent pathogen of importance.  To define how members of the 
oyster bacterial microbiome correlate with V. parahaemolyticus, I performed marker-based 
metagenetic sequencing analyses to identify and quantify the bacterial community in individual 
oysters after culturally-quantifying V. parahaemolyticus abundance.  I concluded that despite 
shared environmental exposures, individual oysters from the same collection site varied both in 
microbiome community and V. parahaemolyticus abundance, and there may be an interaction 
with V. parahaemolyticus and Bacillus species.  In addition, to elucidate the ecological origins of 
pathogenic New England ST36 populations, I performed whole genome sequencing and 
phylogenetic analyses.  I concluded ST36 strains formed distinct subpopulations that correlated 
both with geographic region and unique phage content that can be used as a biomarker for more 
refined strain traceback.  Furthermore, these subpopulations indicated there may have been 
multiple invasions of this non-native pathogen into the Atlantic coast. 
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CHAPTER 1 
 
INTRODUCTION 
 
 
 
1. Justification 
Geologists categorize this age in time as the Cenozoic Era, or the Age of Mammals. 
 
Fair enough, if we wish to honor multicellular creatures, but we are still not 
free of the parochialism of our scale. If we must characterize a whole by a 
representative part, we certainly should honor life's constant mode. We live 
now in the "Age of Bacteria." Our planet has always been in the "Age of 
Bacteria," ever since the first fossils - bacteria, of course - were entombed in 
rocks more than 3 billion years ago.  On any possible, reasonable or fair 
criterion, bacteria are - and always have been - the dominant forms of life on 
Earth. Our failure to grasp this most evident of biological facts arises in part 
from the blindness of our arrogance but also, in large measure, as an effect of 
scale. We are so accustomed to viewing phenomena of our scale - sizes 
measured in feet and ages in decades - as typical of nature. [86] 
 
The idea of the “Age of Bacteria” is especially relevant considering the co-evolution of a wide 
range of these higher-order organisms with their bacterial symbionts, which is frequently 
reflected in mirrored phylogenetic trees of host and symbionts [e.g., 42, 97, 151].  The 
interactions between host and microbial symbionts are quite intricate and susceptible to 
disruption in model and naturally-occurring systems.  Both germ-free mice and mice treated with 
antibiotics are more vulnerable to infection from pathogens than conventionally-colonized mice, 
likely from both direct competition and up-regulation of host defenses by the gut microbiome 
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[20, 80, 92, 159].  Healthy and diseased states in humans are frequently correlated with changes 
in symbionts [46, 120, 134].  The function of such symbioses is not always known, particularly 
in lesser-studied environmental models.  For example, the Eastern oyster (Crassostrea virginica) 
is host to Vibrio, a genus containing several human pathogenic lineages, and the nature of this 
symbiosis in unknown.  The oyster presents the opportunity to investigate how microbial 
communities interact with a host as part of the ecology of an emergent pathogen of importance. 
 
2. Vibrio spp. 
 An early description of the Vibrio genus as Gram-negative, rod-shaped bacteria with a 
single flagellum, preferential salinity (0.5-5.0%) and pH ranges (5.5-10), and which can tolerate 
temperatures between 15-41°C [45], although basically informative, hardly captures the essence 
of why these organisms are worthy subjects of study.  These microorganisms are ubiquitous 
residents of estuarine and coastal marine habitats, where they live in water and animals 
inhabiting those waters, including corals [43], fish [28], shellfish [154], sponges [95], and shrimp 
[9].  There are well over 100 named species in this genus 
[http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=662], twelve of which cause 
illness in humans [38].  But as Vibrio spp. have been identified both as potential probiotics and 
antagonistic toward hosts [113], neither their successes as colonists nor their ecological function 
in these habitats are fully understood. 
 
3.  Epidemiology of Vibrio spp. 
 Illness from Vibrio spp. is collectively called vibriosis.  Vibriosis reporting began in 1988 
through the United States Center for Disease Control (CDC) with “Cholera and other Vibrio 
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illness surveillance system” (COVIS) including 4 states; now it is nationally reportable [36].  
This ongoing epidemiological data collection allows for analyzing trends in illness, and vibriosis 
is increasing across the nation.  The number of reported cases rose by 52% in 2014 compared to 
2006-2008, an increase of ~120% from when analyses started in 1996 [35].   
 The regions where illnesses are prevalent are shifting as well.  Historically, infections 
occurred in warmer regions.  Illnesses traced to the Gulf coast states (Texas, Louisiana, 
Mississippi, Alabama, and Florida) made up 47.9% (449/937) of all reported infections in 1997-
1998, while the Northeast Atlantic (NEA) states (New England and New York) were only 3% of 
total infections (28/937).  But in 2013, the NEA states made up 23.0% of reported vibriosis 
infections (217/944) and the Gulf states were only 36.0% (340/944)  [36].  Most cases are self-
limiting so many patients do not seek medical treatment, and those do are not always tested for 
vibriosis.  The estimations of rates of underreporting vary from 1:20 [225] to as high as 1:145 
[178; Andy DePaola, personal communication].  Vibrio cholerae, Vibrio vulnificus, and Vibrio 
parahaemolyticus cause the most cases of vibriosis.  However, most strains of these species are 
harmless and only a handful cause illness. 
 
3.1. Vibrio cholerae 
 Perhaps the most well-known Vibrio spp., Vibrio cholerae is the causative agent of 
cholera, a severe gastroenteritis that if left untreated can lead to extreme dehydration and death 
[34].  V. cholerae was first isolated in 1854 by Filippo Pancini [160] but is historically credited 
to Robert Koch in 1884 after investigating outbreaks in Alexandria [98, 121].  While an 
estimated 3-5 million people are infected with V. cholerae worldwide with about 10% being 
severe enough to cause death if untreated [34], infections are relatively rare in the US.  There 
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were only 73 reported cases in 2013 (6% of total reported vibriosis cases), killing six [36].  
When considering underreporting, it is estimated 277 domestically-acquired cases occur per year 
[178]. 
 Pathogenic V. cholerae strains contains two primary virulence factors.  Cholera toxin is 
an enterotoxin encoded by a filamentous bacteriophage, CTXΦ, which integrates into the dif site 
in the chromosome [218].  Interactions with KSF-1Φ, another filamentous bacteriophage, 
indirectly enhance the spread of cholera toxin genes into other strains of V. cholerae [66, 67].  
The second main virulence factor is toxin-coregulated pili (TCP).  These Type IV pili aggregate 
the bacterial cells to protect cells from host defenses and concentrate released cholera toxin 
[200], and are also the receptors for CTXΦ [218].  These phage (and other genetic elements with 
virulence-associated functions) were acquired through horizontal gene transfer [67] and are 
integral in the evolution and emergence of V. cholerae pathogenic lineages. 
 
3.2. Vibrio vulnificus 
 Vibrio vulnificus was first isolated and characterized by the CDC in 1976 from blood 
cultures [96] but was not formally named until 1979 [65].  Pathogenic V. vulnificus strains cause 
gastroenteritis, but can also infect open wounds on the skin [37].  There were 137 reported cases 
in 2013, 12% of vibriosis cases [36], but it is estimated that 203 domestically-acquired cases 
occur yearly [178].  Infection by V. vulnificus is less frequent than V. cholerae, but this microbe 
is more deadly – sepsis from V. vulnificus infections has a 50% mortality rate [37]. 
 V. vulnificus biotype I is particularly deadly, causing 95% of the shellfish-related deaths 
in the US [157].  There are two biotype I genotypes: C-type and E-type.  Ninety percent of C-
type strains are of clinical lineages, and 93% of E-types are environmental strains [174].  These 
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genotypes show about equal proportions in the water column, but 87% of strains isolated from 
oysters are E-type [221].  Oysters take up static C-type strains at greater rates than E-type [77] 
but E-type strains aggregated into marine snow are taken up at higher rates than C-type 
aggregates [75].  Hence, there is differential accumulation between clinical and environmental 
genotypes of V. vulnificus when interacting with organic and inorganic matter in the surrounding 
environment. 
 
3.3. Vibrio parahaemolyticus  
 First identified from a shirasu (fried baby sardines) outbreak in Japan in 1950 that caused 
272 illnesses and 20 deaths, infection from pathogenic Vibrio parahaemolyticus causes self-
limiting gastroenteritis [79].  Albeit limited feeding studies, the infectious dose of V. 
parahaemolyticus ranges from 10
5
 to 10
8 
[94, 177] although pen shells containing 2.4x10
2 
organisms per gram of oyster tissue (with an average of 50g oyster meat ingested) have been 
indicted in causing illness [89].  Illnesses from V. parahaemolyticus were relatively rare and 
sporadic in the US [15, 48] until a multi-state outbreak occurred in the summer of 1998, causing 
23 infections [33].  The number of cases has only increased since [150], and it is estimated that 
with underreporting, 35,000 domestically-acquired cases occur each year in the US [178].  This 
organism is the leading cause of seafood borne illness [178], and in 2013 there were 594 reported 
cases in the US, comprising 51% of total vibriosis cases [36].   
 
3.3.1. Pandemic V. parahaemolyticus 
 A few pathogenic V. parahaemolyticus strains have disseminated and one particularly 
virulent lineage, sequence type (ST) 3 (serotype O3:K6, among others [146]), has spread 
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globally to pandemic status.  This began as an outbreak in February 1996 in Calcutta, India [155] 
that quickly spread around the world, with outbreaks being reported in every inhabited continent 
[146, 213].   The first outbreak outside of Asia was in Chile in 1997 [85], correlating with 
changing ocean temperatures of an El Niño event [139].  Warming ocean temperatures have 
influenced the spread of pathogenic strains, pandemic lineage and otherwise [10, 136, 138, 215; 
Fig. 1.1].   
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Figure 1.1.  Emergence of pathogenic V. parahaemolyticus in Pacific Ocean correlating with 
rises in ocean temperatures. 
From Martinez-Urtaza [136]. 
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Researchers investigated the emergence of this pathogenic lineage with whole genome 
comparisons.  Several unique pathogenicity islands exist that likely influence the highly virulent 
nature of this lineage [22].  f237, an Inovirus filamentous bacteriophage, is integrated into the 
chromosome at the dif site [100] of the pandemic strains and is unique to this lineage so is used 
for diagnostic identification [145, 147].  The specific diagnostic marker gene, ORF8, shows 
similar structure to the plx gene in Drosophila, encoding an adhesion molecule.  It is proposed 
ORF8 may increase attachment to either the intestines during infection or to plankton which 
would increase dissemination [147].  ST3 does show increased cytoxicity and adherence to HeLa 
cells compared to non-ST3 strains, and it is suggested ORF8 could be influencing these traits 
[232].  There are other phage integrated into the genome of pandemic V. parahaemolyticus.  In 
particular, VP58.5, a Myovirus with high similarity to VHML in Vibrio harveyi, has been 
isolated in pandemic strains off the Chilean coast.  Pandemic V. parahaemolyticus strains 
harboring this phage are up to 15 times more sensitive to UV radiation, presumably due to phage 
induction [234].  Phage act as biological mechanisms for controlling both the virulence [232] and 
the population structure of this lineage [234].  
 
3.3.2. V. parahaemolyticus Sequence Type 36 
 ST36 strains (serotype O4:K12), which are native to the Pacific Northwest (PNW) and 
cause reoccurring illness in Canada [13], Washington [209], and Oregon [32], have recently been 
traced to outbreaks in other regions.  Particularly, ST36 outbreaks have occurred in California, 
Spain [136, 141], and the North- to mid-Atlantic US coast [137], leading to illness of 104 people 
in the US in 2013 [149].  ST36 strains in the Northeast [224, 231], Maryland [88], and Spain 
[136, 141] likely derived from the PNW populations. While the pandemic lineage is highly 
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studied and well characterized, whole genome comparisons of ST36 strains to uncover specific 
population evolution and emergence are only just beginning. 
 
4. Abundance of V. parahaemolyticus in shellfish 
 V. parahaemolyticus, the top threat for seafood-borne illnesses [178], naturally occurs in 
warm saline environments, and accumulates in animals living in these environments [35, 112].  
As transmission into humans is typically through raw, undercooked, or mishandled shellfish, 
especially oysters, many studies all over the world evaluate the levels of V. parahaemolyticus in 
such animals (e.g., Table 1.1).  Current methodology pools animals, usually in batches of 12, to 
determine average V. parahaemolyticus levels [71].  Very few experiments have considered 
levels in individual shellfish [e.g., 114] even though presumably, consuming only one 
contaminated animal could cause illness if it contained the infectious dose.  The Food and Drug 
Administration (FDA) recommends shellfish safe for consumption contain < 10,000 MPN/g (4 
log10 MPN/g) total V. parahaemolyticus [70], but naturally occurring levels are sometimes 
higher than this (Table 1.1), and vary with abiotic and abiotic influences. 
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Table 1.1.  Vibrio parahaemolyticus abundance in shellfish. 
Quantification of V. parahaemolyticus in shellfish from around the world, across seasons.  
Studies are ordered by date.  The means and ranges of V. parahaemolyticus were log-
transformed. 
a
BD = below detection 
b
Does not include BD 
 
 
Site Date Animal Mean  Range Reference 
Alabama, USA March 1999 -  
Sept. 2000 
Oysters 2.24 
MPN/g 
1.48-3.47 
MPN/g 
52 
Mulki, India Jan. 2002 -  
Dec. 2002 
Oysters 3.73 
CFU/mL 
2-4.82 
CFU/mL 
50 
Galicia, Spain Jan. 2002 -  
Dec. 2004 
Mussels 1.09 
MPN/g 
-0.92-1.51 
MPN/g 
140 
Oregon, USA Nov. 2002 - 
Oct. 2003 
Oysters 1.34 
MPN/g
b
 
BD
a
-1.63 
MPN/g 
55 
Sao Paulo State, 
Brazil 
May 2004 -  
June 2005 
Oysters 3.16 
MPN/g 
0.78-5.04 
MPN/g 
189 
 
4.1. Environmental factors that correlate with V. parahaemolyticus abundance 
Several environmental factors directly influence the abundance of V. parahaemolyticus.  
Temperature is, to present knowledge, always positively correlated with naturally occurring V. 
parahaemolyticus when temperature change is captured in observations [50, 52, 55, 140, 189].  
This species will grow in liquid media with a pH 4.8 and temperatures as low as 5°C [18], but 
10°C is lowest for growth in natural environments [112].  During extended periods of 
temperatures below 10°C (e.g., winter), cells enter a viable but not culturable (VBNC) state.  V. 
parahaemolyticus VBNC cells change morphology and no longer express epitopes [64], and 
show resistance to temperature extremes, low salinity, and high acid [227].  Correlating with 
temperature, V. parahaemolyticus levels have a seasonal growth pattern, increasing in warmer 
months and decreasing in cooler [52, 55, 140, 189]; tropical climates see the increase in the dry 
season and decrease in the wet season [50].  Correlations between the halophilic V. 
parahaemolyticus and salinity levels are mixed.  Whereas both significant positive and negative 
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correlations have been reported [52, 140], others are not significant [55, 189].  This may be due 
to the extensive salinity range (3-35ppt) tolerated by V. parahaemolyticus [198]. 
 
4.2. Biotic factors that influence abundance of V. parahaemolyticus 
In addition to environmental influences, biotic factors have also been reported to 
correlate with Vibrio spp. abundance.  Dinoflagellates [60], diatoms [6, 196], copepods [59], and 
plankton [133, 208, 228] and more generally chlorophyll a [198, 210], are positively correlated 
with Vibrio levels, as these serve either as a food resource or a mechanism of dispersal.  Protozoa 
[228] and nematodes (Terschellinga, Molgolaimus, and Halalaimus spp.) negatively correlate 
with V. parahaemolyticus in benthic sediment [216]; likely the nematodes graze on the bacterial 
species.  Oyster hemocytes may control the abundance of certain V. parahaemolyticus strains, 
and therefore overall species abundance, as hemocytes differentially kill opaque and translucent 
strains [82] as well as environmental and clinical strains [217].  In-vitro bacterial-vibrio 
competitions illustrate the ability of several types of marine bacteria to influence Vibrio 
abundance [94, 177] but to present knowledge, in-vivo (e.g., in the oyster or water) experiments 
correlating V. parahaemolyticus abundance and other bacteria are lacking. 
 
5.  Post-harvest processing techniques reduce V. parahaemolyticus abundance in shellfish 
 In the US, the National Shellfish Sanitation Program “promote(s) and improve(s) the 
sanitation of shellfish (oysters, clams, mussels and scallops) moving in interstate commerce 
through federal/state cooperation and uniformity of State shellfish programs” 
[http://www.fda.gov/Food/GuidanceRegulation/FederalStateFoodPrograms/ucm2006754.htm].  
Their model ordinance outlines requirements for states harvesting shellfish to promote safe 
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shellfish.  It also includes additional strategies for reducing Vibrio abundance for states with a 
Vibrio control plan, like rapid cooling of shellfish in ice, slurries, or mechanical refrigeration 
down to 50°F(10°C) within a few hours after harvesting, all of which have been shown to 
significantly lower microbial load [131, 173]. 
 Other strategies for reducing Vibrio abundance include depuration and relay.  Depuration 
involves bathing oysters in sterilized (typically with UV light) water that is either recirculated or 
flow-through in design.  Relaying oysters involves physically moving oysters to an 
environmental region or tanks other than the harvest site where V. parahaemolyticus is found in 
very low abundance, if at all, often due to high salinity levels.  The effectiveness of depuration 
and relaying oysters to reduce Vibrio spp. abundance was tested by collecting oysters from the 
Great Bay Estuary (GBE), New Hampshire, and relaying in Spinney Creek (SC), Maine, a creek 
off the GBE with similar temperatures but increased salinity.  Relaying oysters to SC was more 
effective than depuration in reducing abundance of V. vulnificus in oysters [106].  Later 
experiments illustrated this same result with levels of V. parahaemolyticus: relaying oysters to 
SC caused a more frequent decrease in V. parahaemolyticus abundance than depuration and 
tank-relay experiments, which used UV-sterilized SC water at temperatures set equal to current 
conditions in the creek [233].  This implies non-sterilized creek water is more effective at 
reducing V. parahaemolyticus abundance in oysters than sterilized water of the same temperature 
and salinity.  The microbial communities in seawater and oysters may influence the abundance 
of V. parahaemolyticus in oysters. 
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6.  Next-generation sequencing technology 
 Sequencing technologies have rapidly changed since Ray Wu and colleagues first 
published methods on elongating nucleotides [105], which Fredrick Sanger adopted and 
expanded to develop Sanger sequencing [176].  Currently, next-generation sequencing has 
expanded from allowing hundreds of thousands of short reads in a single run with 454 
sequencing technologies to billions of reads with Illumina technologies.  There are many 
applications of next-generation sequencing in the field of microbiology, including host-microbial 
interactions and bacterial population studies. 
 
6.1. Bacterial community profiling 
Next-generation sequencing technologies allow researchers to profile bacterial 
populations independent of culturing by amplifying and sequencing the hypervariable regions of 
the 16s rRNA gene.  Historically, sequencing the entire 16s rRNA gene has been performed to 
determine the relationship between bacterial isolates/strains, distinguishing between species [54, 
74, 142], and even uncovering previously unidentified or unculturable microbes [219].  The 16s 
rRNA gene contains alternating regions of highly conserved and hypervariable regions [226].  
These hypervariable regions alone can be used for species identification [211], and even short 
regions (i.e. – 100bp) of certain hypervariable regions are capable of capturing species 
composition patterns seen from using the full 16s rRNA gene [129].  Next-generation sequencing 
technologies permit large-scale sequencing of short stretches of the 16s hypervariable regions to 
determine both relative composition and abundance of bacteria in a mixed community sample, 
and investigate differences in the microbiome between samples of different states or 
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environmental conditions.  Analyzing the billions of reads produced to draw such comparisons 
requires the use of specific software programs designed for these purposes. 
 
6.1.1. Generation and Analysis of 16s rRNA sequencing data 
Generating 16s data requires extracting the bacterial DNA from samples and amplifying 
the variable region of choice.  Primers have unique barcodes to allow sample multiplexing, as 
well as adapters necessary for the sequencing process [e.g., 31].  Data is returned as raw 
sequencing reads with per-base quality information.  The two most commonly used software 
programs to analyze these short-read 16s rRNA data are QIIME [30] and mothur [181].  Both 
programs, albeit with core differences in algorithms, function in essentially the same way.  Reads 
are quality-filtered, and overlapping paired-end reads can be used to extend the total read length 
and/or error correct the corresponding read.  Quality-filtered reads are then clustered into groups 
based on similarity of the sequence, with 97% the most frequently used threshold as it is thought 
to best represent species-level classifications [192].  These clusters, which are known as 
operational taxonomic units (OTUs), can then be used to assess between and within-sample 
diversity, and outside software such as LEfSe [185] and PICRUSt [123] identify specific 
taxonomic or functional differences, respectively, between biological groupings.  As useful as 
these techniques are in generating and analyzing sequencing data, there are several caveats that 
need to be considered when drawing conclusions from these data. 
 
6.1.2. Caveats of 16s rRNA sequencing data 
 Generating 16s rRNA sequencing data involves more than simply loading raw sample 
into the sequencer, so each step in the preparation process introduce biases that may affect the 
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resulting OTUs.  The first step is extracting and purifying bacterial DNA from the sample.  
Using different extraction methods on the same sample [73, 118], even laboratory-generated 
control samples [25, 195], and performing other steps in the same way alters OTU composition.   
 The purified bacterial DNA is then amplified using PCR to attach the sequencing 
adapters and sample identification barcodes.  During the amplification process, errors could arise 
from the formation of chimerical and heteroduplex molecules, which if not removed in 
downstream processing, falsely inflate the total number of OTUs [2].  Differential amplification 
efficiency of DNA strands [2], starting concentration of the template [117, 168], and primer 
choice [61, 168, 195] all influence the relative abundance of OTUs.   
 Once the adapters and barcodes are attached to the DNA strand, the hypervariable region 
is sequenced.  The two main sequencing platforms both have known error biases.  454 
sequencing generates errors mostly associated with homopolymers, including insertions, 
deletions, and mismatches [99].  Illumina sequencing has been shown to cause insertions, 
deletions, and mismatches in certain motifs, but these do not occur randomly and are associated 
with library preparation and primer choice.  In addition, Illumina characteristically drops in 
quality at the end of the read [122].  Failure to perform quality checking to remove such 
erroneous reads will falsely increase the number of OTUs. 
 Quality filtered reads are clustered into OTUs.  QIIME currently offers the choice of 
twelve main programs for OTU clustering, each of which can be customized [30].  The default is 
uclust, which used a centroid-based algorithm.  Each sequence in an OTU falls within the 
defined similarity threshold of the centroid sequence [56].  mothur implements only three 
clustering algorithms all based on distance matrices, the default being average linkage [181], 
where the average distance from all sequences within each OTU to all sequences within every 
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other OTU is greater than the defined similarity threshold [180].  Different programs, combined 
with the various options (e.g., referenced-based or de novo, pre-filtering/clustering steps) will 
influence the numbers of OTUs generated [14, 41, 180].  In addition to the program used to 
cluster, the standard 0.97 threshold is not consistent between lineages for distinguishing species 
[91, 180], and most organism have multiple copies of the 16s rRNA gene, which are not always 
within the 0.97 similarity threshold [104].  Collapsing OTUs into phylotypes, or OTUs with the 
same taxonomic classification, helps to alleviate these inconsistencies. 
 Once the OTUs are generated, taxonomy is assigned to each OTU by comparing a 
sequence in the OTU to a 16s rRNA taxonomy database.  When using QIIME, the centroid 
sequence is used as the representative by default, but users may also choose the longest, most 
abundant, or a random sequence to assign taxonomy to the entire OTU [30].  In mothur, every 
sequence in an OTU is assigned taxonomy and the majority is used to assign the entire OTU 
[180].  SILVA [170], greengenes [53], and RDP [44] are the most frequently used taxonomy 
databases.  As of January 2016, the SILVA database contains 4.9 million sequences 
(http://www.arb-silva.de), greengenes just over 1.2 million (http://greengenes.lbl.gov), and RDP, 
3.2 million (http://rdp.cme.msu.edu).  Older versions of QIIME used RDP by default; newer 
versions use greengenes [30].  mothur recommends SILVA [180].  The differences in these 
methodologies and databases will influence the generated taxonomic profile [223] and 
subsequent diversity or abundance pattern measurements.  Comparisons between different 
methods can maximize the usefulness of the generated taxonomies. 
 Besides evaluating within-sample diversity, rarefied alpha diversity plots can be utilized 
to judge if samples were sequenced deeply enough to capture to capture the full diversity.  The 
samples are rarified stepwise and the chosen diversity measure is calculated at each step.  This 
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data is plotted to visualize how diversity changes as the number of sequences considered 
increases.  Rarefied alpha diversity plots that plateau demonstrate as more sequences are 
considered, the diversity stops increasing.  In other words, deeper sequencing would not increase 
the diversity, so the plateau indicates that the true diversity of samples has been captured.  Any 
study with evidence of under-sequencing [e.g., 115, 116, 204] needs to consider this when 
interpreting OTU-based patterns, as under-sequencing distorts community profiles [125].  One 
method to overcome under-sequencing is to disregard OTUs and/or phylotypes occurring below 
a defined threshold [e.g., 26, 165] but the rare OTUs/phylotypes may be of interest or important 
to the analyses [3]. 
 Because of all these caveats of generating and interpreting short-read 16s rRNA 
sequencing data, it is vital the user understands exactly what each step of the analysis pipeline is 
doing to properly interpret their resulting data.  This also permits informed deviation from 
program defaults to investigate how changes influence downstream steps.  Heavily researching 
the currently used methods prior to any library preparations or analyses will help ensure the user 
picks the methods most appropriate to their sample types and research questions. 
 
6.2 Whole genome sequencing 
With the billions of reads produced from a single next-generation sequencing run, it is 
now possible to achieve publication-quality genomes using short reads.  High-throughput 
pipelines using a 96-well format allow as many as 384 bacterial genomes to be sequenced at a 
time (e.g., Nextera XT DNA Library Preparation Kit, Illumina, San Diego, California, USA).  
This permits data generation for easy whole genome comparisons for investigating the origin and 
evolution of certain traits, genes, or the strain population itself. 
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7.  Research objectives 
 
7.1. Chapters 2 and 3: Is there a correlation between abundance of the members of the 
oyster microbiome and V. parahaemolyticus? 
Given that non-sterilized water more effectively reduces V. parahaemolyticus abundance 
than sterilized water of the same temperature and salinity, it is possible an interaction with the 
seawater microbiome is facilitating this reduction.  Antagonistic relationships or direct resource 
competition between V. parahaemolyticus and bacteria naturally in the seawater, coupled with 
less than favorable environmental conditions, could explain the greater reduction of V. 
parahaemolyticus in the oysters treated with non-sterilized seawater.  I hypothesized there were 
correlations between abundance of members of the oyster microbiome and V. parahaemolyticus.  
Objective 1 investigated this hypothesis using MPN analyses to quantify V. parahaemolyticus 
and 16s rRNA sequencing to profile the oyster microbiome.   
 
7.2 Chapter 4: Do whole genome comparisons of pathogenic V. parahaemolyticus strains 
reveal strain origins? 
ST36 strains caused unprecedented outbreaks on the Atlantic Coast, a region where it was 
previously not detected.  Comparing the whole genomes of ST36 isolates from the Atlantic to 
other regions may elucidate the origin and evolution of these strains.  I hypothesized there were 
distinct sub-populations of ST36 strains in the Atlantic.  In Objective 2, outbreak strains traced to 
Northeast Atlantic oysters were sequenced using next-generation technologies and their genomes 
compared to ST36 strains from other regions, and unique genomic content characterized. 
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ABSTRACT 
 
 Oysters naturally harbor the human pathogenic bacterium Vibrio parahaemolyticus, but 
the nature of this symbiosis is unknown.  Precedent suggests the abundance of V. 
parahaemolyticus may be influenced by several biotic factors, including bacteria inhabiting the 
oyster and overlaying water.  This study employed 16s rRNA sequencing to profile the 
microbiome of individual oysters and the overlaying water collected from two distinct sites in the 
Great Bay Estuary, New Hampshire, and Most Probable Number (MPN) analyses to quantify the 
levels of V. parahaemolyticus in those same oysters.  Despite being filter-feeders, oysters are not 
a direct snapshot of the overlaying water, and likely selectively accumulate bacteria from the 
surrounding water.  Several phylotypes exist in different proportions between the two collection 
sites, and may be a reflection of differences in site ecology.  Individual oysters contain 
differential V. parahaemolyticus abundance, with culture-based methods agreeing with detection 
patterns from sequencing.  Differences in the microbiome between oysters with differential 
abundance of V. parahaemolyticus were likely confounded by differences in collection sites, as 
all the highest abundance oysters were from a single site.  This study was the first of its kind to 
correlate V. parahaemolyticus abundance with members of the oyster microbiome. 
 
 
 
 
KEYWORDS 
Vibrio parahaemolyticus, oysters, microbiome, 16s rRNA  
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INTRODUCTION 
 Shellfish, including the eastern oyster (Crassostrea virginica), are common vectors for 
the human pathogenic bacterium Vibrio parahaemolyticus which can cause self-limiting 
gastroenteritis [178] when rare pathogenic variants are consumed in large enough quantities [94, 
177].  Since it was first identified in Japan following an outbreak in 1950 [79], V. 
parahaemolyticus has caused illness on every inhabited continent [146, 213].  Domestically-
acquired cases of illness were relatively uncommon in the United States [15, 48] until a multi-
state outbreak in the summer of 1998 caused 23 infections [33].  The number of cases has only 
increased since [150] and now an estimated at 35,000 cases occur annually [178].  Understanding 
factors that influence the accumulation of these potentially harmful organisms in shellfish could 
aid in proactive management to reduce infections.   
 The United States Food and Drug Administration (FDA) recommends shellfish safe for 
consumption contain < 10,000 Most Probable Number (MPN)/g V. parahaemolyticus [70], but 
this bacterium often naturally occurs at higher abundance than this, especially in the warm 
season when people are more inclined to consume raw oysters [e.g., 50, 52, 55, 140, 189].  V. 
parahaemolyticus abundance positively correlates with temperature, but on the other hand, 
reported correlations with salinity are mixed [50, 52, 55, 140, 189] likely due to the broad range 
of salinity tolerated by V. parahaemolyticus [198].  Strategies intended to reduce Vibrio in 
oysters include rapid cooling [131, 173] or post-harvest processing to decrease Vibrio abundance 
in live product. Some promising treatments include depuration in UV sterilized water and relay 
of oysters to a site where V. parahaemolyticus is of low abundance, often correlating with high 
salinity.  Experiments indicate that, as with Vibrio vulnificus, relay of oysters into non-sterilized 
water is more effective than depuration in sterile water in reducing V. parahaemolyticus levels, 
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implying a potential interaction with the microbial communities in seawater may influence the 
abundance of V. parahaemolyticus in oysters [106, 233].   
There is some precedent for biotic factors influencing Vibrio spp. abundance. 
Dinoflagellates [60], diatoms [6, 196], zooplankton [133, 208] and copepods [59] positively 
correlate with Vibrio levels, as these serve either as a nutrient resource or a mechanism of 
dispersal. Vibrio abundance also positively correlates with chlorophyll a, suggesting a general 
interaction with phytoplankton [198, 210].  Protozoa [228] and nematodes (Terschellinga, 
Molgolaimus, and Halalaimus spp.) negatively correlate with V. parahaemolyticus in benthic 
sediment [216], likely due to grazing.  Oyster hemocytes may control the abundance of certain V. 
parahaemolyticus strains, and therefore overall species abundance, as hemocytes differentially 
kill opaque and translucent strains [82] as well as environmental and clinical strains [217].  In-
vitro bacterial-Vibrio competitions illustrate several types of marine bacteria influence Vibrio 
abundance [94, 177] but in-vivo (i.e., in the oyster or water) experiments able to correlate V. 
parahaemolyticus abundance and other bacteria are lacking.  Antagonistic relationships coupled 
with less than favorable salinity conditions could explain the greater reduction of V. 
parahaemolyticus in the oyster microbiome during relay. 
 Oysters could passively accumulate planktonic and particle-associated Vibrio spp. [143, 
228] through filter-feeding, but several studies indicate potential preferential accumulation of 
microbiome communities that include Vibrio spp. Culture-based analysis reveal oysters contain 
over 100 times more V. parahaemolyticus per gram than overlaying water [47, 51, 83] and the 
overall oyster microbiome is more diverse than the overlying water microbiome [23, 156, 70], 
suggesting selective accumulation by the oyster.  Although a few studies have employed next-
generation sequencing to profile the oyster and overlying water microbiome [39, 40, 119, 202, 
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222, 235], none have correlated members of the oyster microbiome to the relative abundance of 
V. parahaemolyticus.  Here we profiled the microbiome of 20 individual oysters and overlaying 
water, 10 each from two naturally occurring, ecologically-distinct oyster beds in the New 
Hampshire Great Bay Estuary, using 454 sequencing technology, and in parallel quantified V. 
parahaemolyticus abundance of those oysters using MPN analysis. With this approach that 
contrasts with the standard practice of pooling multiple oysters [71], we 1) examined variation in 
individual oyster microbiome communities, 2) compared core and variable microbiomes within 
and between sites, and between oysters and water, and 3) determined whether any phylotypes 
correlate with Vibrio abundance.  There were differential V. parahaemolyticus levels, and 
microbiome and functional profiles, between individual oysters collected from each site. 
 
RESULTS AND DISCUSSION 
Sequencing the oyster microbiome  
To identify the core and variable microbiome among individual oysters, assess variation 
associated with two distinct, naturally occurring oyster beds within the same estuarine system, 
and correlate Vibrio parahaemolyticus abundance with the associated microbiome, native oysters 
were collected from two ecologically distinct sites, less than five miles apart in the Great Bay 
Estuary of New Hampshire, and the bacterial communities sequenced. The Oyster River (OR) 
oyster bed is located within one of the seven tributaries of this estuary and the harvest area 
classification is prohibited due to its proximity to the outflow of a municipal waste water 
treatment plant, whereas the Nannie Island (NI) oyster bed is centrally located within the estuary 
and is classified as approved.  Thus, these two sites may reveal how the different associated 
ecological factors pertaining to each site influence the microbial community composition.  
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To define the bacterial community, we generated and sequenced PCR amplicons of the 
V2-V3 region of the 16s rRNA gene (250bp) from total bacterial DNA isolated from the ten 
oysters and one overlaying water sample from each collection site. From the generated 1,487,480 
reads, only the 512,220 reads with 100% identity to the forward primer and mid-tag were 
included in the analysis. Quality filtering with FlowClus removed an additional 6,995 reads. 
QIIME and mothur, which use different algorithms, were applied in parallel to determine the 
constituent microbial taxa and reveal which pipeline maximized the number of OTUs identified 
by species. Both programs removed comparable numbers of erroneous reads and generated very 
similar numbers of OTUs (Table 2.1).  However, QIIME assigns taxonomy to an OTU based on 
a single representative sequence, and classified only 1.3% of OTUs at the species level.  mothur, 
which assigns taxonomy to all sequences in an OTU and chooses the majority consensus 
taxonomy, resulted in the classification of 35.8% OTUs at the species level (Table 2.2).  Because 
our investigations centered on determining correlations of phylotypes with sites and V. 
parahaemolyticus abundance, analysis continued with the mothur generated dataset.  There were 
an average of 29,391 reads per sample from OR oysters (ranging from 9,670-47,231) and an 
average of 18,087 from NI oysters (10,338-31,788).  The NI water sample had 6,493 reads, 
whereas OR water had 397, both considerably lower than the corresponding oysters (Table 2S.1).    
 
 
 
 
 
 
 
 
 
 
 
 25 
 
Table 2.1.  Results of select steps in the analysis pipeline with two different analysis 
programs. 
Number of reads after each step in the QIIME and mothur pipelines.  QIIME does not perform 
trimming or aligning steps. 
 
 
Step in pipeline QIIME mothur 
Trimmed, misaligned sequences removed N/A 7,613 
Chimeras removed 3,192 3,195 
Singleton OTUs removed 9,418 9,189 
Reads included in final OTUs 484,600 472,345 
Total non-singleton OTUs 5,764 5,756 
 
 
 
 
Table 2.2.  OTUs at each level of taxonomic classification with two different analysis 
programs. 
The number (percent) of OTUs at each classification level as determined with QIIME and 
mothur.  Unclassified refers to OTUs that could not be assigned at any classification level. 
 
 
 QIIME mothur 
Unclassified 1524 (26.4) 0 (0) 
Kingdom 4240 (73.6) 5756 (100) 
Phylum 4227 (73.3) 5446 (94.6) 
Class 4173 (72.4) 5411 (94.0) 
Order 3676 (63.8) 4987 (86.6) 
Family 2666 (46.3) 4363 (75.8) 
Genus 863 (15.0) 3155 (54.8) 
Species 74 (1.3) 2059 (35.8) 
 
 
Analysis of diversity and depth of sampling 
 Rarified alpha diversity metrics were applied to illustrate both within sample diversity 
and sufficiency in depth of sampling.  The Shannon Index, which uses the proportion of any 
given OTU relative to the total number of OTUs, indicated that every oyster and water sample 
was sufficiently sampled and that additional sampling would not increase diversity (Fig. 2.1A). 
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However, most of the OTUs were rare (68.9% of the OTUs were doubletons) so the relative 
proportion of any given rare OTU included during rarefaction would likely not change diversity, 
suggesting this analysis was driven by the most abundant OTUs and not reflective of the true 
community diversity.  The Chao 1 plot, which is commonly used in 16s rRNA studies and 
incorporates the proportions of singleton and doubleton OTUs, indicated most of the samples 
were sufficiently sampled (Fig. 2.1B).  This, however, is likely an artifact of the removal of 
singleton OTUs as a means of reducing PCR generated errors. The rarefied PD plot 
demonstrated that for all samples, the total phylogenetic distances between all OTUs at each 
subsampling step increased with higher subsampling, indicating inadequate sequencing depth 
(Fig. 2.lC).  As the 97% similarity threshold is not consistent between taxonomic lineages for 
distinguishing species [91, 180], we argue the PD measurement, incorporating actual sequence 
data into the diversity measurement, is the most appropriate for 16s rRNA microbiome studies 
[62, 63].  The overall higher index values in NI samples indicated higher alpha diversity than OR 
samples, but because the data did not capture total diversity, all interpretations and analyses were 
considerate of this limitation.  
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Figure 2.1. Alpha diversity curves for all samples. 
Rarified within-sample diversity for individual oyster and overlying water samples generated 
with three indices: (A) Shannon index (B) Chao 1 and (C) Phylogenetic Distance (PD) whole 
tree index.  The sample ID is indicated by unique color. 
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Comparison of the distribution of phylotypes by site and substrate 
Comparisons of the distribution of OTUs in individual oysters and overlaying water can 
reveal the extent to which the microbiome of the filter-feeding oyster is reflective of the 
microbes in overlying water. Oysters from both sites harbor OTUs absent in the respective 
overlaying water (Fig. 2.2A).  However, because there were relatively fewer sequences from the 
water samples, this lack of correlation could be an artifact of under-sequencing.  OTUs present in 
water and not in oysters, even if not representative of the total diversity, could also suggest 
differential accumulation. Indeed, 1.35% of the OTUs from NI water and 0.19% from OR water 
were not detected in any oyster, indicating oysters are not an exact snapshot of the water.  This is 
in agreement with other oyster microbiome studies [36, 195], as well as other filter feeders [124, 
197].  Even though our data suggest differential accumulation of the oyster microbiome from 
water, 82% of the OTUs shared between every NI oyster were also present in overlaying water 
(Fig. 2.2B), indicating the core microbiome at this site is substantially present in, or possibly 
influenced by, the water column. Because the OR water sample yielded so few sequences for 
analysis (397 reads) meaningful comparisons were deemed unlikely.   
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Figure 2.2.  Distribution of OTUs in oysters and overlaying water grouped by substrate 
and site. 
Distribution of (A) all OTUs in water and oyster samples and (B) all OTUs in water samples, and 
OTUs shared between every oyster by site, representing the site-specific and overall core 
microbiome. 
 
Next we evaluated whether there were informative patterns in the abundance and 
distribution of phyla-level classifications by hierarchical cluster analysis.  This analysis revealed 
delineation between the microbial communities of oysters by site, when considering both 
standardized and unstandardized clustering, with only a few exceptions (Fig. 2.3A, 2.3B).  The 
most abundant phyla were consistent with other oyster microbiome studies. For example, 
Cyanobacteria is the most abundant phylum in Eastern oysters from Apalachicola, Florida [39], 
whereas the chief phyla in Eastern oysters from two sites in Louisiana include Chloroflexi, 
Firmicutes, Proteobacteria, and Planctomyces [119].  Proteobacteria and Bacteriodetes dominate 
the microbiome of C. corteziensis, C. gigas and C. sikamea oysters [202], and the digestive gland 
of Sydney rock oysters mainly contains Firmicutes, Proteobacteria, Cyanobacteria, and 
Spirochaetes [235].   
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Figure 2.3. Dual hierarchical analysis of phyla-level classification for all samples. 
The log-transformed percent abundance of each phylum is indicated by a color scale.  Samples 
and phyla are clustered based on (A) unstandardized and (B) standardized average linkage.  In 
unstandardized linkage, the abundance of each phylum in a given sample is colored based on 
relative abundance of all phyla, whereas in standardized the abundance of each phylum is 
colored based on the relative abundance of that phylum across all samples. 
 
 
Differences between the overlying water and oysters were clearly demonstrated.  Most of 
the variation between sample type, sites, and even individual oysters was explained by not the 
high abundance, but the low and mid-abundance phyla (Fig. 2.3A), and rarifying the sequences 
to remove the lowest-abundant OTUs, which is commonly performed [e.g., 119], could remove 
most of this variation and obscure these apparent site-associated differences. 
One notable difference between the two sites is a higher abundance of Cyanobacteria at 
NI (33.8%, ranging from 1 to 69%) than OR (7.7%, ranging from 0.8 to 43.0%; Fig. 2.3B). 
Whereas some oyster microbiome studies have discarded cyanobacterial reads to eliminate 
sequenced chloroplasts from algal matter [119, 202], oysters will ingest Cyanobacteria as a food 
source [8] and accumulate Cyanobacteria in greater numbers than the surrounding water column 
[39] justifying retention of these reads as part of the microbiome.  Cyanobacteria may even 
influence the abundance of other members of the oyster microbiome. For instance, 
Proteobacteria, Bacteriodetes, and Firmicutes have all been isolated from cyanobacterial blooms 
[16].  It is possible that the specific differences between NI and OR were influenced, at least in 
part, by the overall higher abundance of Cyanobacteria at NI.   
Whereas differential abundances in broad phyla-level classifications reveal general 
patterns, considering all taxonomic levels with Unifrac uncovered more specific and relevant 
relationships between samples (Fig. 2.4).  Unifrac delineated between sampling sites, with few 
exceptions, that were consistent with the subsampled jackknife analysis (data not shown).  NI 
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oysters clustered in one branch, whereas OR oysters were distributed to several branches, 
indicating NI oyster microbiomes, which had overall fewer unique phylotypes than OT, are 
overall more similar to each other than are OR oyster microbiomes.  Specifically, 2.29% of all 
OTUs in NI oysters are shared between all NI oysters, whereas only 1.25% OTUs in all OR 
oysters are shared between all OR oysters (Fig. 2.2).  Unlike the dual-hierarchical clustering 
analysis, in the Unifrac analysis the microbiome for NI oyster #7 diverged from the other NI 
microbiomes, suggesting a classification level deeper than phylum caused this differentiation.  
NI oyster #7 contained over 15,000 reads (70.8%) assigned to Nitratireductor pacificus, whereas 
the other oysters contained on average 0.9% N. pacificus (ranging from 0 to 11.1%), and phyla-
level clustering analysis included these as Proteobacteria, making NI oyster #7 appear more 
similar to NI oysters at that taxonomic level. In the OR water sample, which was quite distant 
from most samples in both clustering analyses, a proportionally high number of reads were 
assigned to the genus Octadecabacter (43.3%, compared to the average of 0.2% for all other 
samples, ranging from 0.05% to 0.5%) and the Mamiellaceae family (40.8%, compared to the 
average of 0.1% for all other samples, ranging from 0.002 to 0.5%). This could explain the 
distinctiveness of OR water sample and may also reflect low total reads.  
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Figure 2.4.  Unifrac phylogenetic distance analysis of all taxonomic levels for all samples. 
Samples are clustered based on the Unifrac distance metric for each pair of samples calculated 
by the total branch length of unique phylotypes over total branch length of all phylotypes. 
 
 The apparent differences in the oyster microbiome between the two sampling sites were 
further interrogated by employing LEfSe to identify which phylotypes significantly differ by site.  
The proportions of four phylotypes were significantly higher in OR oysters than NI oysters 
including: Finegoldia, Bradyrhizobium, Roseateles depolymerans, and Brevundimonas 
intermedia (Fig. 2.5). In contrast, the proportions of eight phylotypes were significantly higher in 
NI oysters compared to OR including: Propionigenium, M2PT2_76, Reinekea, Pseudomonas 
viridiflava, Clostridium sticklandii, Vibrio fortis, Halobacillus yeomjeoni, and 
Endozoicimonaceae.  Finegoldia is typically found in the human gastrointestinal tract [126] and 
Bradyrhizobium is a soil-dwelling, root nodule organism [109], so these associations with OR 
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are consistent with site being a tidal tributary.  Not much is known about the other organisms to 
draw conclusions on associations by site.  However, these were all rare phylotypes, and as such, 
their higher abundance at one site could reflect sampling bias.   
 
 
Figure 2.5.  LEfSe analysis for oyster samples grouped by site. 
Phylotypes in oysters at significantly different proportions at each collection site 
 
 
 
Differences in predicted functional profiles between sites 
 
In addition to defining the members of the oyster microbiome, we investigated potential 
functional differences inferred from phylotype composition between the sampling sites, which 
may be driven by their unique ecological and environmental associations. Although the 
bioinformatics tool PICRUSt predicts functions associated with 16s identity, it draws upon 
whole-genome sequenced species from NCBI and functional data from KEGG databases, so 
therefore can only predict functions associated with previously characterized species and 
pathways [123].  A total of 887 predicted gene functions significantly differed between NI and 
OR oysters (p < 0.05).  Of these, 119 were p < 0.005, and 11 were p < 0.0005.  Further 
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examination of the functional differences at p < 0.0005 reveals two distinct classes (Fig. 2.6).  
OR oysters had a higher number of functions generally involved in cell growth, including 
nucleotide metabolism, tRNA synthesis and associated elongation factors, amino acid 
biosynthesis, and oxidative phosphorylation. NI oysters had a higher number of diverse 
metabolic functions (sugar, chlorophyll, carbon, and sulfur metabolism) as well as higher 
number of chaperone associated proteins. The higher chlorophyll metabolism logically related to 
the greater number of 16s sequences identified as Cyanobacteria at NI compared to OR.  Overall, 
these variations could relate to nutrient concentrations at the two different sites.  OR is impacted 
by an upstream tidal wastewater facility discharge, more directly influenced by rainfall/runoff 
events and nonpoint source pollution, and has slightly higher dissolved nutrients and suspended 
solids compared to NI (Table 2.3).  NI is a much larger oyster bed with abundant oyster culch on 
coarser textured sediment compared to OR. The slightly more readily available nutrients at OR 
may support more rapid total bacterial growth, whereas the complex nutrient and energy sources 
available at NI may support a more diverse bacterial population.  
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Figure 2.6. Annotated functions in significantly different numbers at each site. 
(A) PICRUSt-derived KEGG orthology IDs at significant different (p < 0.0005) numbers at each 
site, and (B) the pathways associated with each ID. 
 
 
Table 2.3.  Nutrient levels at each collection site. 
SONDE-collected nutrient levels from each collection site, representing the average of readings 
every 15 minutes from 2007-2013. 
 
 
 Phosphate Ammonium Nitrogen Turbidity Chlorophyll a 
NI 0.023 0.059 0.082 0.121 4.235 
OR 0.051 0.065 0.123 0.177 4.614 
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Abundance of V. parahaemolyticus in individual oysters and correlations with microbiome 
 
To evaluate potential correlations of microbiome with V. parahaemolyticus, we applied 
an enrichment and qPCR-based enumeration method of V. parahaemolyticus to individual 
oysters. Our approach was notably different from the standard practice of using a pooled oyster 
homogenate to capture the average number of bacteria by the MPN method, but allowed more 
critical comparison and evaluation of correlations between relative abundance of V. 
parahaemolyticus and phylotypes in individual oyster microbiomes.  Individual oysters, even 
from the same site, differed dramatically in abundance of V. parahaemolyticus (Table 2.4).  This 
has also been seen in individual oysters in Alabama [114].  To aid in additional comparisons, 
these oysters were grouped based on MPN/g abundance level, where the means of each group 
significantly differed from the other groups (Low: 0.48, Medium: 1.16, High: 2.51; p < 0.0001).  
V. parahaemolyticus was only captured via 16s sequencing in the medium and high abundance 
level oysters from NI (Table 2.4) but was a rare component of the oyster microbiome and as such 
could be influenced by under-sequencing.  Whereas these independent methods did not align 
with regard to exact concentration in individual oysters, the general pattern of V. 
parahaemolyticus 16s rRNA detection aligned with culture-based methods, supporting the 
applied sequencing methods. 
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Table 2.4.  Distribution of Vibrio parahaemolyticus in oyster samples as determined by 
MPN and 16s sequencing.   
Oysters are separated by site, and ordered by increasing V. parahaemolyticus count as 
determined by MPN.  16s reads represents the number of V. parahaemolyticus sequences and 
relative percent abundance in parentheses.  
 
 
Oyster Log10 MPN/g Classification 16s Reads 
NI.10 0.52 Low - 
NI.5 0.72 Low - 
NI.7 1.01 Medium - 
NI.8 1.01 Medium 2 (0.011) 
NI.1 1.34 Medium 3 (0.020) 
NI.6 1.34 Medium - 
NI.2 2.38 High - 
NI.3 2.38 High 2 (0.011) 
NI.4 2.38 High 1 (0.003) 
NI.9 2.88 High 1 (0.009) 
OR.10 0.13 Low - 
OR.4 0.28 Low - 
OR.6 0.28 Low - 
OR.2 0.49 Low - 
OR.8 0.52 Low - 
OR.5 0.93 Low - 
OR.1 1.01 Medium - 
OR.3 1.01 Medium - 
OR.7 1.20 Medium - 
OR.9 1.34 Medium - 
 
 
NI harbored the only high abundance level oysters, but NI also harbored low abundance 
level oysters.  In contrast, OR contained only medium and low abundance level V. 
parahaemolyticus oysters.  This suggested a high degree of oyster to oyster variation in V. 
parahaemolyticus abundance, perhaps driven in part by site differences.  There are some 
differences in long-term nutrient loads between the two sites (Table 2.3), but with the exception 
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of chlorophyll a, there are no correlations between these nutrients and V. parahaemolyticus 
presence in the GBE [205].  Chlorophyll a positively correlates with V. parahaemolyticus 
presence [205, 198], yet was overall higher at OR.  While temperature always positively 
correlates with V. parahaemolyticus abundance, and salinity sometimes correlates [50, 52, 55, 
140, 189], the short-term environmental conditions averaged over the 12 hours prior to oyster 
harvest were essentially identical between the two sites (Table 2.5).  It is therefore unlikely that 
these measured abiotic parameters drove higher levels of V. parahaemolyticus at NI in a subset 
of oysters, or comparatively lower levels of V. parahaemolyticus at OR.   
 
Table 2.5. Environmental conditions at each sampling site. 
SONDE-collected environmental conditions from each collection site, representing the average 
of readings every 15 minutes from the 12 hours prior to collection. 
 
Site Temperature Salinity DO % DO mgl pH Turbidity 
Nannie Island 20.8 20.8 82.8 6.6 7.5 12.1 
Oyster River 20.8 20.7 81.8 6.5 7.4 12.4 
 
 
To investigate any biotic correlation with V. parahaemolyticus abundance, microbiome 
data for individual oysters were analyzed with Unifrac distance trees to determine similarity of 
the microbiome of oysters in the same MPN abundance level group, separated by site.  
Branching patterns did not correspond with V. parahaemolyticus abundance level (data not 
shown), indicating there is no overall similarity in the microbial community correlating with V. 
parahaemolyticus abundance.  Despite a lack of clustering of samples by V. parahaemolyticus 
abundance level, there were 24 phylotypes significantly higher in number in high abundance 
level oysters, one phylotype in medium abundance level oysters, and three in low abundance 
level oysters (Fig. 2.7).  However, a caveat to this data and its interpretation is that these were all 
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rare phylotypes of which the proportion could be influenced by under-sequencing, in addition to 
the relationships potentially being confounded by site-specific differences.  Specifically, the 19 
phylotypes that were exclusive to high abundance level oysters (and by default present in 
significantly higher proportions) could be an artifact of differences between collection sites, as 
there were no high abundance level OR oysters for comparison.  PICRUSt was again used to 
evaluate differences in functional capabilities of microbiomes between oysters containing 
different abundance levels of V. parahaemolyticus.  In total, there were 320 predicted functions 
that differed significantly by relative V. parahaemolyticus abundance level (p < 0.05), ten of 
which also correlated with V. parahaemolyticus class (Table 2S.2).  However, because these ten 
functions were also significantly different between sites, they are compounded by associated 
differences between the two sites.  The differences in the microbiome between the sampling 
sites, rather than V. parahaemolyticus abundance, were a driving force in this study. 
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Figure 2.7.  Phylotypes significantly different based on Vibrio parahaemolyticus abundance 
class. 
PICRUSt-derived phylotypes in oysters at different proportions by V. parahaemolyticus 
abundance class.  Phylotypes followed by an * were only found in high oysters. 
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Even though there were insufficient individual oysters at each V. parahaemolyticus 
abundance level and under-sequencing for a robust analysis of differences in the taxonomic 
profile or functional capabilities of microbiomes of oysters associated with V. parahaemolyticus 
abundance, this study does indicate the general approach may reveal phylotypes and functional 
differences associated with V. parahaemolyticus abundance by applying deeper sampling to 
more oysters.   
 
CONCLUSIONS 
In this study, we profiled the microbiome and quantified Vibrio parahaemolyticus 
abundance of ten oysters and overlaying water from each of two oyster beds from the Great Bay 
Estuary in New Hampshire.  We determined individual oysters and collection sites have 
differences in the taxonomic and functional microbiome profiles.  Several studies conclude the 
microbiomes of marine animals are highly specific based on individuals’ surrounding habitat 
[201, 235] and diet [84] so it is unsurprising there is a different microbiome between oysters at 
Nannie Island and Oyster River, located at ecologically distinct, albeit geographically proximal 
areas within the same estuary.   
Both culture and non-culture based methods revealed V. parahaemolyticus did not 
equally accumulate in individual oysters, despite the oysters exposure to the same environmental 
conditions at each site.  It is therefore unlikely these measured environmental conditions 
contributed to the differences in V. parahaemolyticus levels.  Bivalves actively filter water based 
upon particle size [220] bacterial species [19, 27], strains within the same species with known or 
introduced (i.e. mutations) genetic variation [138, 144, 162, 191], and even viral particles [190].  
The V. parahaemolyticus strains themselves may contain genetic factors or phenotypic traits 
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influencing uptake and/or depuration and it is possible different strains are accumulated at 
different rates, much like Vibrio vulnificus [77, 221]. 
The higher abundance of Cyanobacteria at NI may influence the abundance of other 
phyla at this site [16].  It may also explain the higher abundance of V. parahaemolyticus at NI.  
Cyanobacteria and V. cholerae will associate [102, 103], and Vibrio spp. make up as much as 6% 
of all cultivable heterotrophic bacteria isolated from cyanobacterial blooms [16].  In addition, 
cyanobacterial-derived organic matter increases Vibrio abundance [59].  With this study, we 
were unable to identify specific species that always correlate with Vibrio abundance.  However, 
there are several potential species that, with increased sample size, more targeted sampling, and 
deeper sequencing, may be able to be significantly tied to V. parahaemolyticus abundance.   
 
METHODS 
Oyster Collection and Processing 
 One water and ten oyster samples were collected at low tide on September 1
st
, 2009 from 
two distinct naturally-occurring oyster beds in the New Hampshire Great Bay Estuary (GBE), 
one (Nannie Island) within an area approved for recreational shellfish harvesting, and the other 
(Oyster River) falling within an area prohibited for recreational harvesting due to its proximity to 
a wastewater treatment facility effluent outfall.  Oysters were collected using oyster tongs 
whereas water samples were collected by submerging capped sterile bottles ~0.5m below the 
water surface and uncapping to fill.  Samples were immediately stored on ice packs in coolers 
until laboratory processing.  Environmental and nutrient conditions per each site were assessed 
from the NOAA National Estuarine Research Reserve System (http://nerrs.noaa.gov/) which 
measures conditions every 15 minutes by YSI datasondes.  Short-term environmental conditions, 
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including temperature, salinity, dissolved oxygen, pH, and turbidity were averaged for the 12 
hours prior to sampling.  Long-term nutrient patterns were assessed by averaging all readings 
from 2007-2013.  
   Individual oysters were cleaned, aseptically shucked, and thoroughly homogenized with 
a surface disinfected (using 90% ethanol and filter sterilized water) Tissue Tearor (Biospec 
Products, Bartlesville, OK).  Most Probable Number (MPN) analyses were performed on 
individual oyster homogenate and water samples as described in Schuster et al. [184].  In brief, 
samples were serially diluted tenfold into Alkaline Peptone Water (APW) and incubated at 37°C 
for 16 hours, and the tubes scored by turbidity. To positively identify the presence of V. 
parahaemolyticus, 1.0mL of each turbid dilution was pelleted, and the DNA obtained by a 
CTAB-NaCl precipitation followed by phenol-chloroform extraction [7], which was used to 
score MPN results with qPCR as described below.  Remaining water samples were spun in a 
5810R centrifuge (Eppendorf, Hamburg, Germany) at 4,000 rpm; the supernatant was discarded. 
The water bacterioplankton pellet and unenriched oyster homogenate not immediately used for 
MPN analysis were frozen at -80°C.   
 
MPN/g enumeration 
MPN tubes were scored as positive for V. parahaemolyticus by detection of the 
thermolabile hemolysin gene (tlh) with qPCR [153].  The reaction contained 1x iQ Supermix 
SYBR Green I (Bio-Rad, Hercules, CA) and 2µL of the DNA template in a final volume of 25µl.  
An iCycler with the MyiQ Single Color Real-Time PCR Detection system with included 
software (Bio-Rad, Hercules, CA, USA) was used with the published cycling parameters [153].  
A melting curve was performed to ensure positive detection of the correct amplicon compared to 
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a control DNA sample (V. parahaemolyticus F11-3A).  MPN tubes were scored as positive or 
negative based on whether qPCR starting quality values were below (negative) or above 
(positive) the threshold value determined by the standard curve using purified F11-3A and water 
blank with iCycler software.  The V. parahaemolyticus MPN/g was calculated for each oyster 
according the FDA BAM [71] and grouped by high, medium, or low abundance level based on 
10-fold differences in MPN/g.   
 
Metagenetic preparation 
 Metagenetic DNA was isolated from archived oyster homogenates.  The homogenates 
were thawed on ice for 10 minutes, the top ~1cm was aseptically removed and discarded, and 
1.0g of each oyster homogenate was aseptically collected.  The entire bacterioplankton pellet 
was used for the water samples.  The total bacterial DNA was extracted using the E.Z.N.A. Soil 
DNA Kit (Omega Bio-Tek, Norcross, GA, USA) following standard protocols for Gram-
negative and -positive bacterial isolation.  
The V2 to V3 region of 16s rRNA gene was amplified from each individual sample in 
triplicate using PCR with standard 16s F8 (5’ – AGTTTGATCCTGGCTCAG – 3’) with GS 
FLX Titanium Primer A (5’ – CGTATCGCCTCCCTCGCGCCATCAG – 3’) and R357 (5’ – 
CTGCTGCCTYCCGTA – 3’) with Primer B (5’ – CTATGCGCCTTGCCAGCCCGCTCAG – 
3’), with each pair of corresponding forward and reverse primer sets having a unique 6bp MID 
tag [125].  The PCR reaction containing 45µL Platinum PCR Supermix (Invitrogen, Carlsbad, 
CA, USA), 3µL of sample DNA, and 2µL molecular grade water, was ran in an iCycler 
thermocycler (Bio-Rad, Hercules, CA, USA) at the following conditions:  94°C for 90 seconds; 
30 cycles of 94°C for 30 seconds, 50.7°C for 45 seconds, 72°C for 30 seconds; and 72°C for 3 
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minutes.  The triplicate samples were combined and then purified using the MinElute PCR 
Purification Kit (Qiagen, Valencia, CA, USA) following standard protocols.  Each purified 
sample was visualized on a 1.2% agarose gel to ensure purity and quality including expected 
amplicon size. 
A 10ng/mL multiplexed sample was prepared for the Roche Genome Sequencer FLX 
System using Titanium Chemistry (454 Life Sciences, Branford, CT, USA).  The DNA 
concentration for each sample was quantified using a NanoDrop 2000c (Thermo Scientific, 
Wilmington, DE, USA) and pooled with equal proportions of the twenty oyster and two water 
samples.  The pooled mixture was purified using the AMPure XP Purification Kit (Beckman 
Coulter Genomics, Danvers, MA, USA) by manufacturers protocols, with the final samples 
suspended in 20uL elution buffer EB from the MinElute PCR Purification Kit (Qiagen, Valencia, 
CA, USA).  The pooled tagged single-stranded pyrosequencing library underwent fusion PCR 
and pyrosequencing using a Roche 454 FLX Pyrosequencer (454 Life Sciences, Branford, CT, 
USA) according to the manufacturer instructions at the University of Illinois W.M. Keck Center 
High-Throughout DNA Sequencing Center.   
 
Metagenetic analysis 
The forward 454 pyrosequencing reads were quality filtered and denoised to reduce 
erroneous PCR and sequencing errors using FlowClus, setting zero primer and barcode 
mismatches, a minimum sequence length of 200, zero ambiguous bases and seven 
homopolymers allowed before truncation, a minimum average quality score of 25, and k=5 for 
the flow value multiple [81].  These sequences were then further filtered and clustered with both 
QIIME 1.8 [30] and mothur 1.22.0 [181] to select the pipeline that would produce the most 
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OTUs classified to the species level.  In QIIME, de novo chimeric sequences were identified 
with usearch 6.1 [56] split by sample.  De novo operational taxonomic units (OTUs) were picked 
from non-chimeric sequences using usearch 6.1 [56] with maximum rejects set to exceed the 
number of sequences, and maximum accepts set to 20.  Taxonomy was assigned to the 
representative sequence (most abundant) of each OTU using greengenes 13.8 [53].  Singleton 
OTUs were deleted to further reduce PCR artifacts.  The mothur workflow followed the 454 SOP 
accessed September 2014 [181] with some modifications.  The pre-clustering step was 
performed permitting one difference.  Chloroplasts were retained, as cyanobacteria have 
previously been identified as part of the oyster microbiome [39, 235].  greengenes 13.8 [53] was 
used to assign taxonomy to OTUs.  After removing singleton OTUs, mothur 1.33.0 [181] was 
used to generate a distance matrix, pick representative OTUs, and create a phylogenetic tree 
using clearcut 1.0.9 [186] for determining alpha diversity. 
Rarified alpha diversity measurements were calculated with QIIME 1.8 [30] to determine 
both the within-sample diversity and sequencing depth using three index measurements.  The 
Shannon Index, a traditional ecological diversity measurement, incorporates relative proportions 
of both species abundance and evenness.  Chao 1 considers the proportion of singleton and 
doubleton OTUs relative to the total number to estimate diversity.  Whole-tree phylogenetic 
diversity (PD) uses a phylogenetic tree of all OTUs to assess species richness where index values 
reflect relatedness of OTUs, or more specifically inferred phylogenetic distance of OTUs, within 
a sample [62, 63].  All indices were calculated with ten iterations of 100 reads added at each 
rarefaction step, up to 75% of the sample with the highest number of reads.  The distribution of 
OTUs between sampling sites and substrates was determined with Venny 1.0 [158].  Patterns in 
abundance in phyla-level classifications in all samples were revealed with a dual-hierarchical 
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clustering performed with JMP 12 (SAS Institute Inc., Cary, North Carolina, USA) for log-
transformed percent abundance using both standardized and unstandardized average linkage.  
Weighted and normalized Fast Unifrac [130], which uses all levels of taxonomic assignment to 
create a distance matrix and groups samples based on similarity, was used to perform beta 
diversity clustering and jackknife analyses for samples, jackknifing at 1000 permutations at 75% 
of the sample with the lowest number of reads.  LEfSe [185], PICRUSt [123] and STAMP [164] 
were all used at default settings, to determine taxonomic and profile similarities between sample 
groups, and calculate statistical significance, respectively, pre-normalizing samples to 1M in 
LEfSe. 
To compare the sequenced-based abundance of V. parahaemolyticus to abundance 
quantified with the culture-based MPN method, all quality-filtered, denoised reads were aligned 
to the region of V. parahaemolyticus strain RIMD 2210633 (GCA_000196095.1) that would be 
amplified by the F8-R357 primer pair at 99.0% with PyNast [29] through QIIME 1.8 [30].  The 
identity of matching sequences was confirmed with BLAST [4]. 
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SUPPLEMENTARY INFORMATION 
Table 2S.1.  Number of reads per sample. 
The number of reads in each oyster and water sample derived using the mothur pipeline. 
 
 
Oyster NI OR 
1 14786 34420 
2 17900 25737 
3 17478 36390 
4 31802 25115 
5 12500 47231 
6 10390 33229 
7 21227 24765 
8 17670 34639 
9 21719 9672 
10 15468 22802 
Water 6495 397 
 
 
 
 
Table 2S.2. Functions positively correlated with Vibrio parahaemolyticus class. 
PICRUSt-identified KEGG IDs significantly different and positively correlated (p < 0.05) 
between oysters of different V. parahaemolyticus classes. 
 
 
KEGG ID 
% abundance 
p-value 
High Medium Low 
K00525 0.089 0.091 0.117 0.040 
K02231 0.081 0.075 0.058 0.044 
K02628 0.00036 0.00017 0.00007 0.040 
K02629 0.00036 0.00017 0.00007 0.040 
K02630 0.00036 0.00017 0.00007 0.040 
K02631 0.00036 0.00017 0.00007 0.040 
K02632 0.00036 0.00017 0.00007 0.040 
K05587 0.0004 0.0002 0.00012 0.029 
K05886 0.00022 0.00013 0.00006 0.035 
K07358 0.00016 0.00005 0.00001 7.50e-3 
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ABSTRACT 
 Shellfish, including the eastern oyster (Crassostrea virginica), are common vectors for 
the human pathogenic bacterium Vibrio parahaemolyticus.  Individual oysters, even from the 
same collection site, do not contain the same levels of V. parahaemolyticus but it is unclear what 
factors influence this variability. Based on previous analyses, we hypothesize that bacteria 
composing the oyster microbiome may influence V. parahaemolyticus abundance.  To 
investigate potential correlation of abundance with the microbiome, we used Most Probable 
Number analyses to quantify the levels of V. parahaemolyticus in oysters collected on three dates 
from the Great Bay Estuary in New Hampshire, and from these same individual oysters 
sequenced the V4 region of the 16s rRNA gene to profile the bacterial community of those 
oysters.  From this analysis we evaluated whether phylotypes correlated with V. 
parahaemolyticus abundance.  Oysters contained V. parahaemolyticus in low, medium, and high 
abundance levels, providing a basis for these comparisons. Our analysis indicated the 
microbiome of oysters correlated far more strongly with collection date than with V. 
parahaemolyticus abundance levels, but there were significant differences in the concentration of 
several phylotypes between high and low V. parahaemolyticus abundance levels, particularly 
Bacillus species.  With future studies to confirm the relationship, these phylotypes may represent 
potential alternative indicator and/or antagonistic organisms against V. parahaemolyticus. 
 
KEYWORDS 
Vibrio parahaemolyticus, oysters, microbiome, 16s rRNA   
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INTRODUCTION 
The human pathogenic bacterium Vibrio parahaemolyticus is a constituent of marine 
waters and forms symbiosis with animals inhabiting those waters, including the eastern oyster, 
Crassostrea virginica [154].  The nature of this symbiosis is unknown, and provides an 
opportunity to evaluate the ecology of a pathogen in its natural environment as it interacts with 
other bacteria.  Previous studies [114, 135] illustrate the levels of V. parahaemolyticus in oysters 
varies, even from the same collection site with exposure to the same environmental conditions.  
The microbiome of the surrounding seawater, and the microbiome of the oyster itself, may 
influence the levels of V. parahaemolyticus in individual oysters [106, 233]. 
 Microorganisms in the oyster microbiome that positively correlate with V. 
parahaemolyticus abundance could represent potential alternative indicator organisms, as V. 
parahaemolyticus comprises a small proportion of the oyster microbiome [135] and detection 
methods require enrichment [71].  Microbes that inversely correlate with V. parahaemolyticus 
abundance could potentially antagonize V. parahaemolyticus, especially when paired with less 
than favorable salinity conditions during relaying oysters to reduce Vibrio levels [106, 233].  
Indeed, even though oysters establish a resilient microbiome in the larval stage that is resistant to 
depuration [MP Doyle and JD Oliver, unpublished, as cited by Froelich et al. [76]), high salinity 
allows bacteria more tolerant to these high levels to outcompete V. vulnificus in oyster 
colonization [78, 193]. 
Here we determined the abundance of V. parahaemolyticus in 25 individual oysters 
harvested during three collection dates, from early July through late August 2014 from a single 
site.  From these oysters, we identified a subset harboring high, medium, and low V. 
parahaemolyticus abundance levels, for targeted profiling of their constituent microbiome to 
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elucidate correlations between V. parahaemolyticus abundance and community members.  The 
microbiome of these oysters correlated more strongly with collection date than with V. 
parahaemolyticus abundance.  Different members of the Bacillus spp. both negatively and 
positively correlated with V. parahaemolyticus abundance, suggesting species-specific 
interactions that, with further investigation into the exact relationship, may be good alternate 
indicator organisms and/or mechanisms of reducing V. parahaemolyticus abundance. 
 
RESULTS AND DISCUSSION 
Individual oysters harbor differential abundance of Vibrio parahaemolyticus  
 To facilitate analysis of correlations of microbiome with pathogen abundance, the most 
probable number (MPN) of V. parahaemolyticus was determined for individual oysters, collected 
from a single site collected on three dates in the summer of 2014 (July 7, July 30, and August 
20).  These dates were selected as they captured the warmest season in the Great Bay Estuary, 
New Hampshire, when V. parahaemolyticus levels are the highest and the chances for collecting 
high V. parahaemolyticus abundance oysters for targeted comparisons was the greatest.  Using 
individual oysters rather than pooled as is standard [71] allows fine-scale resolution of both the 
Vibrio abundance and the bacterial communities composing oysters that would be masked in 
pooling samples, especially when evaluating differences between sampling dates only weeks 
apart.   
As expected [114, 135], individual oysters contained different levels of V. 
parahaemolyticus abundance (Table 3.1).  To aid in statistical comparisons, samples were 
grouped into three abundance levels, where means of each group significantly differed from the 
other groups (Low: 1.30, Medium: 2.38, High: 3.27, p < 0.0001). Our goal was to target only 
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high and low V. parahaemolyticus abundance oysters based on initial MPN tube turbidity, but 
this method was ineffective and resulted in almost half of all oysters with medium V. 
parahaemolyticus abundance.   
 
Table 3.1. Distribution of Vibrio parahaemolyticus in oyster samples. 
Oysters are separated by date, identified by sample number, and ordered by increasing V. 
parahaemolyticus abundance as determined by MPN.  Length is the shell from the umbo to 
growth edge rounded to the nearest 0.5cm.  A subset of oysters was used for microbial analysis. 
 
Date Oyster Length 
Log10 
MPN/g 
Abundance 
level 
Sequenced for 
microbial analysis 
7-Jul-14 
11 7.5 0.477 Low N 
20 9 1.362 Low Y 
2 6.5 1.964 Low N 
13 6 2.380 Medium N 
16 5.5 2.380 Medium Y 
5 8 2.869 High N 
15 6.5 2.964 High N 
19 7.5 2.964 High Y 
30-Jul-14 
19 7.5 0.964 Low Y 
3 8 1.041 Low Y 
15 7 2.176 Medium Y 
2 9 2.322 Medium Y 
9 9 2.380 Medium Y 
18 9.5 2.380 Medium Y 
22 5.5 2.663 Medium Y 
20-Aug-14 
5 6 1.176 Low Y 
9 10.5 1.633 Low Y 
21 10 1.633 Low Y 
22 7.5 2.322 Medium Y 
3 7 2.380 Medium Y 
4 6.5 2.380 Medium Y 
7 5 2.380 Medium N 
24 7 2.380 Medium Y 
11 7 2.968 High Y 
23 8.5 3.869 High Y 
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Assembling the oyster microbiome 
After quantifying the abundance of V. parahaemolyticus in individual oysters, we 
correlated Vibrio abundance with the oyster microbiome, identified the core and variable 
microbiome among individual oysters, and assessed microbiome variation over multiple 
sampling dates.  The total bacterial DNA was extracted from select individual oysters (due to 
limited space in the sequencing run, but we included samples from each V. parahaemolyticus 
abundance level from each sampling date), and the V4 of the 16s rRNA gene sequenced to 
profile the oyster microbiome.  As the reverse reads had overall higher quality scores than the 
forward, the 7,046,472 reverse reads were used for analysis.  Quality trimming, aligning, and 
chimera removal eliminated 613,340 reads.  The remaining reads were clustered into OTUs, and 
after removing 7,181 singleton OTUs (37.5%), 11,950 OTUs remained, representing 1,176 
genus-level phylotypes.  There was an average of 336,373 reads per sample, ranging from 
68,080-484,007 (Table 3S.1).   
A rarified PD whole tree alpha diversity plot allowed assessment of both within-sample 
diversity and sampling depth.  The rarefaction plot of every sample approached a plateau 
characteristic of adequate sampling depth (Fig. 4.1).  The diversity values were generally higher 
than the diversity values in previously sequenced GBE oysters [135] indicating the higher 
number of reads achieved with Illumina sequencing in this study were better at capturing true 
sample diversity. 
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Figure 3.1.  Alpha diversity analysis. 
Rarified within-sample diversity of individual oyster samples generated with PD whole tree.  The 
sample ID is identified by unique color. 
 
Assessment of accuracy and efficiency of microbiome analysis pipeline 
There are no standard procedures for assembling and analyzing 16s microbial reads, and 
the use of different pipelines on the same dataset produce different results [14, 41, 135, 180], 
illustrating the need for an internal control.  In addition, current methodologies rely on PCR 
amplification of the 16s rRNA to attach both unique identifying barcodes and sequencing 
adapters.  To sequence all bacterial DNA in a sample, the primers anneal to the highly conserved 
regions of the 16s gene.  DNA from bacteria introduced at any stage prior to amplification, or 
remaining in the sequencer lane from a previous run with the same barcodes, could contaminate 
the samples and interfere with accurate identification of the sample microbiota.  
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To assess the efficiency of the analysis pipeline and test for contamination, we included a 
positive control containing both Gram-positive and Gram-negative bacterial species of equal 
proportions: V. parahaemolyticus, Staphylococcus aureus, Shigella flexneri, Serratia 
marcescens, Pseudomonas aeruginosa, Bacillus subtilis, and Escherichia coli.  With the 
exception of the extraction method (see Methods), this control underwent the same amplification 
and assembly pipeline as the experimental samples.  Whereas we were expecting seven 
phylotypes in similar proportions in the positive control, there were 132 genus-level phylotypes 
detected, 91.5% of which were assigned to the Lactococcus genus.  This likely represented 
incorrectly-identified Staphylococcus aureus, as both are in the Streptococcacaeae family.  There 
were 7% of reads assigned as Bacillus, 0.028% as Pseudomonas, 0.005% as Shigella, 0.005% as 
Vibrio, and no Serratia or Escherichia.  It is likely OD600 was not an accurate for normalizing 
concentrations across species.  Rather, each species should have been extracted independently 
and the gDNA quantified then pooled. 
Whereas very few microbiome studies include a positive control, the Microbiome Quality 
Control Project shows similar numbers of OTU inflation in controls.  Specifically, the positive 
controls (bacterial communities of known composition) containing 20 expected OTUs 
consistently resulted in 50 to 150 OTUs, and the negative controls (no bacteria) resulted in 
several hundred OTUs [188].  Erroneous OTUs in a negative control could only be from 
contamination, either from any step prior to PCR or in the sequencer.  The erroneous OTUs in 
the positive control could be either contamination, or PCR or sequencing errors not removed 
during microbiome assembly [2] or even improper taxonomic classification [91, 104, 180].  One 
way to eliminate this possible contamination is to use the relative percent abundance of the most 
abundant contaminant OTU as a threshold, and remove all OTUs occurring at or below that 
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abundance [212].  This would not have been appropriate to apply to our study, as Serratia and 
Escherichia in the positive control were not detected at all so a cutoff threshold may have 
eliminated part of the true microbiome.  Rather, we retained all OTUs but considered any 
patterns in rare members of the microbiome with the caveat that it may be erroneous data. 
 
Distribution of and relative abundance of phylotypes across oysters 
 Comparing the distribution of phylotypes (OTUs collapsed by taxonomic similarity) 
revealed patterns in the microbiome of oysters across sampling dates.  Out of 1,176 genus-level 
phylotypes, 602 (51.2%) were in oysters from July 7, 1061 (90.2%) from July 30, and 1099 
(93.5%) from August 20 (Fig. 3.2A).  This distribution supported the overall higher alpha 
diversity in oysters from the later sampling dates (Fig. 3.1).  Almost half of all phylotypes were 
present across all three sampling dates.  The oysters from the two later sampling dates shared 
more phylotypes than either did with the oysters from the earlier sampling date.   
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Figure 3.2.  Distribution of phylotypes across sampling dates. 
Distribution of phylotypes in (A) all oysters from each sampling date (B) every oyster from each 
sampling date, representing the core microbiome. 
 
When considering only phylotypes present in all oysters from each sampling date, 221 
(18.8%) were in all oysters from July 7, 331 (28.1%) from July 30, and 296 (25.2%) from 
August 20.  44% of phylotypes were shared between every single oyster across the three 
collection dates (Fig. 3.2B), representing the NI warm season core microbiome.  This was a 
much larger proportion of phylotypes than when comparing across multiple GBE collection sites 
sequenced with 454 technology [135].  Other studies using 454 sequencing also identify far 
fewer core OTUs from animals from the same site [84, 194].  The use of Illumina sequencing in 
this study permitted deeper sequencing and captured more of the core microbiome between 
samples.  Despite the core microbiome, the microbiome of oysters from the later sampling dates 
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was more similar to each other than the earlier date.  While these oysters were collected with the 
purpose of representing warm season, it is apparent that even within a span of a few weeks there 
was a shift in the NI oyster microbiome community. 
 We next analyzed the distribution and relative abundance of phyla-level phylotypes in all 
samples using dual-hierarchical clustering analysis.  When considering the abundance of a given 
phylum relative to the abundance of all other phyla (unstandardized average-linkage clustering), 
oysters clustered by collection month (Fig. 3.3A).  Specifically, all August oysters contained 
higher levels of Cyanobacteria than both July collection dates.  Most August oysters contained 
higher levels of Fusobacteria, with the exception of two oysters that grouped closer to the July 
oysters.  Cyanobacteria and Fusobacteria likely shaped this delineation by date.  Cyanobacteria 
represented the most abundant phylum in this study, which was consistent with other oyster 
microbiome studies [39, 235].  There was no clear delineation between the microbiome of 
oysters of different V. parahaemolyticus abundance levels, implying any differences in the 
microbiome associated with V. parahaemolyticus abundance level was not captured at the 
phylum level.   
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Figure 3.3. Dual hierarchical analysis of phyla-level classification for all samples. 
The log-transformed percent abundance of each phylum is indicated by a color scale.  Samples 
and phyla are clustered based on (A) unstandardized and (B) standardized average linkage.  In 
unstandardized linkage, the abundance of each phylum in a given sample is colored based on 
relative abundance of all phyla, whereas in standardized the abundance of each phylum is 
colored based on the relative abundance of that phylum across all samples.  Oysters are labelled 
with a shape to represent V. parahaemolyticus abundance level: the circle is low, triangle is 
medium, and square is high. 
 
The standardized average-linkage clustering analysis, which calculates relative 
abundance of a phylum in a given sample relative to all other samples, does not show the same 
strict separation by date (Fig. 3.3B), illustrating the variation in any given phylum between 
individuals collected on the same day outweighs the total relative phylum abundance on the same 
collection day.  In other words, variation between individuals is greater than variation between 
dates.  For example, whereas the relatively higher abundance of Cyanobacteria in the 
microbiome of August oysters was captured in the standardized clustering, the higher abundance 
of Fusobacteria was not due to very high proportions of this phyla in oyster #703014.15   Once 
again, there was no clear delineation between oysters in different V. parahaemolyticus classes. 
 Whereas phyla-level associations reveal general patterns in the microbiome profile, 
comparing the relative distribution of all phylotypes between samples revealed more specific 
patterns.  The Unifrac distance matrix for all sample pairs was visualized by a PCoA plot (beta 
diversity) and demonstrated strong clustering for the August oysters and weak clustering 
between the July oysters, illustrating between-sample similarity (Fig. 3.4A).  The relative 
abundance of all phylotypes elucidated patterns more clearly than merely the presence of 
phylotypes.  When coloring this PCoA plot by V. parahaemolyticus class, there is weak 
clustering between low abundant oysters, but nowhere near as strong as the date relationships 
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(Fig 3.4B.)  The microbiome of oysters is likely highly influenced by day to day fluctuations that 
had little correlation with V. parahaemolyticus abundance. 
 
 
 
 
 
Figure 3.4. Unifrac clustering of all taxonomic levels for all samples. 
Sample clustering was based on the Unifrac distance metric for each pair of samples calculated 
by the total branch length of unique phylotypes over total branch length of all phylotypes, and is 
visualized with EMPeror.  Panel (A) is colored by sampling date, and panel (B) is colored by 
Vibrio parahaemolyticus abundance class.   
 
B 
A 
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   Knowing there are differences between the microbiome of oysters, we employed LEfSe 
to determine what specific phylotypes differed between both collection date and V. 
parahaemolyticus abundance class.  Seventy phylotypes significantly differed by collection date.  
Four were present at higher levels on July 30, and 66 higher on August 20 (Fig. 3.5).  Of these 
66, only four were exclusive to the microbiome of oysters collected in August.  The remaining 
were present in the oyster microbiome from July 30, but in significantly lower numbers, and 
absent from July 7.  The distribution of phylotypes across sampling dates suggested the 
microbiome of oysters from the later sampling dates shared more phylotypes than either did with 
the earlier collection date, but the PCoA plot suggested the microbiome of July oysters were 
more similar to each other than the August oysters.  There may have been a minor shift in the 
population of the microbiome from early to late July, and 62 of those phylotypes increased to 
high enough proportions in August to drive the strong clustering between August oysters. 
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Figure 3.5. LEfSe analysis for oyster samples grouped by date. 
Phylotypes in oysters at significantly different proportions from each collection date. 
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Of the phylotypes which were present at significantly differing proportions between 
collection dates, three phylotypes inversely correlated with V. parahaemolyticus abundance class 
as a secondary LEfSe grouping: Actinobacteria (Fig 3S.1A), Geodermatophilaceae (Fig 3S.1B), 
and Bacillus clausii (Fig 3S.1C).  This inverse correlation is suggestive of a possible antagonistic 
relationship of these organisms against V. parahaemolyticus. Whereas there is no known 
precedent in literature for an inverse correlation between Actinobacteria and 
Geodermatophilacece with V. parahaemolyticus, B. clausii has strong antibacterial activity 
against V. parahaemolyticus [5].  B. clausii was a relatively rare component of the oyster 
microbiome, averaging 0.0013%, and while not significantly different between V. 
parahaemolyticus abundance levels (p = 0.80), the average proportions of this organism in the 
total microbiome inversely correlated with V. parahaemolyticus abundance class (Low: 
0.0018%, Medium: 0.0012%, High: 0.008%).  The inverse correlation and literature precedent 
supports potential antagonism between B. clausii and V. parahaemolyticus.  Whereas we cannot 
confidently draw conclusions due to the ambiguity in the positive control coupled with the rarity 
of this species in the oyster microbiome, future studies can confirm the relationship between B. 
clausii and V. parahaemolyticus. 
When classifying abundance class as the primary grouping in LEfSe, the levels of four 
phylotypes significantly differed between high and low V. parahaemolyticus abundant oysters 
(Fig. 3.6).  The phylotype that inversely correlated with V. parahaemolyticus abundance, which 
could represent antagonistic bacteria, was Phaeospirillum fulvum.  These purple photosynthetic 
bacteria [197] were a very rare component of the microbiome (averaging 0.001%) and because 
the level ambiguity in the positive control, was too low of a proportion to draw any conclusions 
about antagonistic potential.   
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Figure 3.6. LEfSe analysis for oyster samples grouped by Vibrio parahaemolyticus  
abundance. 
Phylotypes in oysters at significantly different proportions from each V. parahaemolyticus 
abundance class. 
 
 
The phylotypes that positively correlated with V. parahaemolyticus abundance, which 
could act as alternative indicator organisms with further investigations, were Desulfobulbaceae, 
Solibacillus, and Bacillus koreensis.  Desulfobulbaceae is a filamentous family is well known for 
producing electric currents along the ocean floor [166].  V. parahaemolyticus and 
Desulfobulbaceae have been detected in the microbiome in other marine organisms [152], but 
there hasn’t been any direct research between this family and V. parahaemolyticus.  It was only 
present in the oyster microbiome at proportions averaging 0.005%.  Because the level ambiguity 
in the positive control, this is too low of a proportion to be conclusive about potential use as an 
indicator organism.  Not much is known about Solibacillus, but at one point it was classified in 
the Bacillus genus [122].  This genus was also only a very small proportion of the oyster 
microbiome (averaging 0.003%).  B. koreensis was an even smaller proportion of the 
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microbiome (averaging 0.00005%) and was only present in three oysters, so it is possible this 
was influenced by errors and/or contamination.  This positive correlation may appear to 
contradict the inverse correlation with V. parahaemolyticus and B. clausii, but there is substantial 
Bacillus intra-species diversity [169] so the relationship between V. parahaemolyticus and 
Bacillus is likely species specific.   
Bacillus was not a rare component of the microbiome (averaging 9.2%, ranging from 3.7 
to 29.1%) and was present in every oyster.  It was the second most abundant phylotype in the 
positive control (7%), so it is unlikely the detection was due to errors or contamination.  Several 
Bacillus spp. antagonize V. parahaemolyticus, including B. subtilis [11, 12, 225, 229], B. pumilus 
[128, 229], B. mojavensis [128], and B. cereus [229].  B. cereus in particular was detected in 
every oyster, and while not significantly different between V. parahaemolyticus abundance level 
(p = 0.49), the average proportions of this organism in the total microbiome inversely correlated 
with V. parahaemolyticus abundance class (Low: 4.40%, Medium: 3.95%, High: 2.81%).  
Therefore, B. cereus may have potential as a mechanism of bio-control for V. parahaemolyticus 
abundance. 
 
CONCLUSIONS 
In this study, we quantified Vibrio parahaemolyticus abundance and profiled the 
microbiome of oysters collected from Nannie Island in the New Hampshire Great Bay Estuary 
(GBE).  The microbiome of oysters harvested in mid-August were more similar to each other 
than the oysters harvested earlier in July, but all oysters shared a considerably larger core 
microbiome than our previous study of GBE oysters from two different collection sites on the 
same day [135]. Hence, the oyster core microbiome is likely shaped by site-specific conditions.  
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The microbiomes of marine animals are highly specific based on individuals’ surrounding habitat 
[201, 235] and diet [84], and because oysters are filter feeders, day to day fluctuations in the 
overlying water likely influence the bacterial community composing oysters. 
Phylotypes that inversely or positively correlated with V. parahaemolyticus levels 
represent potential antagonistic or indirect indicator microorganisms, respectively.  In particular, 
there may be an interaction with multiple members of the Bacillus genus.  Precedent in literature 
suggests Bacillus species antagonize V. parahaemolyticus, and whereas both B. clausii and B. 
cereus inversely correlated with V. parahaemolyticus abundance, B. koreensis positively 
correlated.  There may be species-specific interactions between V. parahaemolyticus and 
Bacillus. With further investigation into the intricacies of the interactions, including culture-
based quantification methods to confer the relationships observed in this study, Bacillus species 
could be used as an alternative indicator or probiotic for reducing V. parahaemolyticus 
abundance. 
 
METHODS 
Oyster collection and processing 
 Twenty four oysters were collected at low tide on July 7, 2014, July 30, 2014, and August 
20, 2014, from Nannie Island, a naturally-occurring oyster bed in the Great Bay Estuary in New 
Hampshire.  Oysters were collected with oyster tongs, and immediately stored on ice packs in a 
cooler until laboratory processing.  Each individual oyster was processed and homogenized as 
described in Marcinkiewicz et al. [135].   The length (cm) of each oyster was measured from the 
umbo to growth edge.  A three-tube Most Probable Number (MPN) analysis was performed on 
individual samples by diluting the oyster homogenate 10-fold into APW tubes following the 
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FDA Bacteriological Analytical Manual (BAM) [71] to quantify the abundance of Vibrio 
parahaemolyticus.  Multiple 1mL samples of oyster homogenate not used for MPN analysis were 
frozen at -80°C until needed for bacterial DNA extraction (see below). 
 
MPN determination of V. parahaemolyticus abundance 
After incubating overnight at 37°C, MPN tubes were scored for turbidity.  Only oysters 
with turbidity representing high or low V. parahaemolyticus abundance were used in subsequent 
steps (i.e., either very few or many tubes were turbid).  To identify the presence of V. 
parahaemolyticus in these turbid tubes, the DNA was extracted from 1.0mL culture from the first 
1cm of each turbid tube via crude lysate.  Specifically, the culture was pelleted by centrifugation, 
resuspended in 100µL nuclease-free water, heated to 100°C for 10 minutes, and centrifuged once 
again.  The supernatant was collected and used as template for PCR. 
MPN tubes were scored as positive for V. parahaemolyticus by detecting the thermolabile 
hemolysin gene (tlh) with PCR [161].  Each 10µL reaction contained 1x Accustart II Supermix, 
1µL DNA template, 0.2µM each forward and reverse primer, and nuclease-free water to volume.  
The thermocycler parameters were as follows: 94°C for 3 minutes; 30 cycles of 94°C for 1 
minute, 55°C for 1 minute, and 72°C for 1 minute; and 72°C for 5 minutes.  Reactions were then 
visualized on a 0.7% agarose gel and samples with a band at the expected size (450bp) were 
scored as positive for V. parahaemolyticus.  Any oysters demonstrating evidence of PCR 
inhibition (i.e., presence of tlh in a more diluted tube and not less diluted tubes) would have been 
disregarded from the analysis.  The V. parahaemolyticus MPN/g was calculated for each oyster 
according the FDA BAM [71] and grouped by high, medium, or low abundance level based on 
10-fold differences in MPN/g.   
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Metagenetic sequencing preparation 
 Bacterial DNA was isolated from archived oyster homogenate.  The homogenates were 
thawed, and bacterial DNA extracted from 19 oysters using E.Z.N.A. soil DNA Kit (Omega Bio-
Tek, Norcross, GA, USA) following standard protocols for both Gram-negative and Gram-
positive bacteria, including incubating the preparations at -20°C for one hour.  Genomic DNA 
was quantified on Nanodrop 2000c (Thermo-Scientific, Wilmington, Delaware, USA) to ensure 
successful extractions with minimal RNA contamination.  To judge the effectiveness of the 
pipeline at removing PCR and sequencing errors, a positive control was generated, containing 
seven known bacterial species: V. parahaemolyticus, Staphylococcus aureus, Shigella flexneri, 
Serratia marcescens, Pseudomonas aeruginosa, Bacillus subtilis, and Escherichia coli.  These 
species were grown at 37°C for 3 hours and pooled in equal proportions based on OD600.  Total 
bacterial DNA was extracted using CTAB-NaCl precipitation followed by phenol-chloroform 
extraction [7], as extraction with the E.Z.N.A. Soil DNA Kit proved to be too harsh for pure 
culture. 
 The V4 region of the 16s rRNA gene from each sample and the positive control was 
amplified and Illumina adapters attached with PCR in triplicate using standard 515F (5’ – 
AATGATACGGCGACCACCGAGATCTACACTATGGTAATTGTGTGCCAGCMGCCGCG
GTAA – 3’) and 806R (5’ – 
CAAGCAGAAGACGGCATACGAGAT[X]AGTCAGTCAGCCGGACTACHVGGGTWTCT
AAT – ‘3) primers, with each reverse primer having a unique 10-12bp barcode indicated by the 
brackets [31].  Each 15µL reaction contained 1x HotMasterMix (5 Prime, Inc., Gaithersburg, 
Maryland, USA), 0.6µL template, 0.2µM forward and reverse primer, and nuclease-free water to 
volume.  The cycling parameters were as follows: 94°C for 2 minutes; 30 cycles of 94°C for 45 
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seconds, 50°C for 1 minute, 72°C for 1.5 minutes; and 72°C for 10 minutes [31].  Amplicons 
were run on a 1.2% agarose gel to ensure purity and amplicon size (400bp).  Triplicates were 
pooled into a single sample, and remaining PCR reagents removed with UltraClean 96-well PCR 
clean up kit (MO BIO Laboratories, Inc., Carlsbad, California, USA) following manufacturer’s 
instructions.  Samples were quantified in microtiter plates using Quant-iT PicoGreen dsDNA 
(Invitrogen, Thermo Fisher Scientific, Waltham, Massachusetts, USA) following manufacturer’s 
instructions, in the Infinite M200 Microplate Reader (Tecan, Männedorf, Switzerland).  All 
samples were pooled into a single tube in equal ratios and submitted to the University of New 
Hampshire Hubbard Center for Genomic Studies (Durham, New Hampshire, USA) for 
sequencing on Illumina HiSeq 2500 (Illumina, Inc., San Diego, California, USA).  
 
Metagenetic sequencing analysis 
 The reverse reads were analyzed with mothur 1.35 [181], which produces more 
taxonomic classifications to the species level than other pipelines [135].  Reads were quality 
trimmed to reduce PCR and sequencing errors by setting a qaverage of 30 and removing 
sequences with ambiguous bases and homopolymers 7 or greater.  Sequences were aligned to the 
silva v119 database [170] and outlier sequences removed.  After pre-clustering with one 
difference, chimeric sequences were detected with uchime [57] and removed to reduce PCR 
errors.  A phylip distance matrix was generated and used to cluster sequences into operational 
taxonomic units (OTUs) using the furthest method at a cutoff of 0.03.  greengenes 13_8 [53] was 
used to taxonomically classify OTUs, and singletons were removed to further reduce PCR and 
sequencing errors.  OTUs were collapsed into phylotypes using QIIME 1.8 [30]. 
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Representative sequences of each OTU were chosen and used to make a distance matrix 
to generate a phylogenetic tree with clearcut [58] in mothur [181].  This phylogenetic tree was 
used to calculate rarified alpha diversity using PD whole tree in QIIME 1.8 [30], as this index 
was previously determined to be most appropriate for metagenetic studies [135], with ten 
iterations of 1000 reads added at each rarefaction step to determine both the within-sample 
diversity and sequencing depth. Weighted and normalized Fast Unifrac [130], which uses all 
levels of taxonomic assignment to create a distance matrix and groups samples based on 
similarity, was used to perform beta (between sample) diversity clustering in QIIME [30] and 
was visualized with EMPeror [214].  The distribution of genus-level phylotypes between 
sampling dates was determined with Venny 2.0 [158], whereas patterns in abundance in phyla-
level classifications in all samples were revealed with a dual-hierarchical clustering performed 
with JMP 12 (SAS Institute Inc., Cary, North Carolina, USA) for log-transformed percent 
abundance using both standardized and unstandardized average linkage.  LEfSe [185] was used 
at default settings, pre-normalizing samples to 1M, to determine statistical significance of 
taxonomic similarities between oysters of the same sampling date and V. parahaemolyticus 
abundance. 
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SUPPLEMENTAL INFORMATION 
 
 
Table 3S.1. Number of reads per sample. 
Number of 16s reads per oyster after all quality filtering and clustering into OTUs using mothur. 
 
 
Date Oyster Number of Reads 
7-Jul-14 
2 155776 
16 578453 
19 68088 
30-Jul-14 
2 512043 
3 627811 
9 346162 
15 310924 
18 484007 
19 327775 
22 272191 
20-Aug-14 
3 282449 
4 296413 
5 273588 
9 477717 
11 284927 
21 375021 
22 225795 
23 257029 
24 234929 
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Figure 3S.1. LEfSe analysis for oyster samples grouped by date and V. parahaemolyticus 
abundance. 
Phylotypes in oysters at significantly different proportions from each collection date that 
inversely correlated with V. parahaemolyticus abundance class, (A) Actinobacteria, (B) 
Geodermatophilaceae and (C) Bacillus clausii.  None of these phylotypes were present in the 
microbiome of oysters collected on July 7.  Relative abundance was calculated through LEfSe. 
A 
B 
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ABSTRACT 
 Vibrio parahaemolyticus sequence type (ST) 36 strains caused 104 infections in a multi-
state outbreak in 2013.  These illnesses were unprecedented, as the ST36 lineage is native to the 
Pacific Northwest yet caused infections on the Atlantic coast.  To investigate the origin and 
evolution of this lineage on the Atlantic coast, we compared the genomes of publicly available 
ST36 strains to our collection of New England ST36 clinical isolates.  The biggest difference in 
strains from the Pacific and Massachusetts was bacteriophage.  We identified three unique phage 
that share similar architecture to the f237 phage: Vipa10290, Vipa26, and Vipa36.  These phage 
were likely horizontally acquired after the evolution of the ST36 lineage, unlike other pathogenic 
lineages which appear to have acquired phage in their evolutionary past.  Vipa10290, Vipa36, 
and Vipa26 correlated with the phylogeography of ST36 subpopulations.  Specifically, ST36 
strains from the Gulf of Maine and Long Island Sound with phage all have Vipa26 and Vipa36, 
respectively, whereas Vipa10290 is characteristic of an older Pacific lineage.  These phage have 
promise as a biomarker with our PCR primers to assist with identifying the geographic region of 
strain origin.  In addition, strain phylogeny suggests there were multiple ST36 invasions into the 
Atlantic coast. 
 
 
 
 
KEYWORDS 
Vibrio parahaemolyticus, sequence type 36, bacteriophage, New England  
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INTRODUCTION 
 While illnesses from Vibrio parahaemolyticus were once rare and sporadic in the United 
States [15, 48], this human pathogenic bacterium now causes an estimated 35,000 illnesses each 
year [178].  Historically, infections occurred in warmers areas such as the Gulf of Mexico, but 
this has changed in recent years.  Specifically, illnesses traced to the Gulf coast states (Texas, 
Louisiana, Mississippi, Alabama, and Florida) made up 48% of all reported infections in 1997-
1998, while the United States Northeast Atlantic (NEA) states (New England and New York) 
were only 3% of total infections.  But in 2013, the NEA states made up 23.0% of reported 
vibriosis infections [36].   
Recent vibriosis in NEA states is caused by the emergence of both resident and non-
resident pathogenic lineages, including sequence type (ST) 631, 34, 674, and 36 [231].  ST36 
strains (serotype O4:K12), which are native to the United States Pacific Northwest (PNW), have 
recently been traced to outbreaks in California and Spain, as well as the North- to mid-Atlantic 
coast [137, 141, 149].  Whole genome comparisons reveal ST36 strains both in the Northeast 
[224, 231] and Maryland [88] derived from the PNW populations.   
This lineage was first detected in the Northeast in the Long Island Sound (LIS) in 2012 
[149] and subsequently spread throughout New England [231].  However, an LIS ST36 strain 
shares more genomic content with Maryland strains than with PNW and Gulf of Maine ST36 
strains [231], implying the ancestry of these New England populations may not be shared.  This 
study performed whole genome comparisons of all available PNW and NEA ST36 strains to gain 
further insight into the origin and evolution of the ST36 population in New England.  We found 
phage that was uniquely associated with geographically-distinct ST36 subpopulations, which can 
be used for more accurate strain traceback and inferred strain ancestry.  In addition, the 
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phylogeographically distinct subpopulations implied multiple invasions of ST36 strains into the 
Atlantic coast.  
 
RESULTS AND DISCUSSION 
Comparisons between Vibrio parahaemolyticus Sequence Type 36 strains from different 
regions reveal unique features of populations 
To elucidate the similarity of Vibrio parahaemolyticus sequence type (ST) 36 strains 
from different geographic regions, breseq was employed to perform whole genome comparisons 
between strain 10290 from the United States Pacific Northwest (PNW), and strains MAVP26 
and MAVP36 from Massachusetts.  There were very few differences between the strains, with 
the exception of a region annotated as bacteriophage.  Strains 10290, MAVP36, and MAVP26 
each harbored a unique phage, which we named Vipa10290, Vipa36, and Vipa26, respectively.  
These three phage have similar structure to the filamentous Inovirus f237 (Fig. 4.1), the phage 
uniquely associated with the ST3 pandemic V. parahaemolyticus lineage [147].  In addition to 
shared gene architecture, all four are integrated into the dif site of the harboring genome [100].     
Besides the absence of ORF8 in the ST36-associated phage, the main differences 
between these four phage were hypothetical proteins (Fig. 4.1).  Hypothetical protein A is unique 
to the two Massachusetts phage, and Vipa10290, Vipa36, and Vipa26 contain unique 
hypothetical proteins after seven shared ORFs.  Despite these differences, all four phage were 
flanked by ORFs 10 and 9, and contained ORFs 1-7, which were almost identical in sequence.  
These seven core genes likely underwent purifying selection (codon-based Z test; dS – dN 
=9.425, p < 0.001) and may be essential to phage function.  Two of the seven core f237-like 
ORFs were the accessory cholera toxin and the zona occludens toxin.   Both are secondary toxins 
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in CTXΦ, the filamentous bacteriophage encoding cholera toxin, which also integrates into the 
dif site of Vibrio cholerae [218].  There have been eight V. cholerae pandemics, of which the 6-
8
th 
were caused by unique lineages that independently acquired virulence-associated traits from 
horizontal gene transfer, including CTXΦ [67].  It is likely the ST36 lineage also horizontally 
acquired these phage.  Vipa26 and Vipa36, which were harbored in Massachusetts ST36 strains, 
may have been acquired from New England waters from local V. parahaemolyticus strain 
populations. 
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Figure 4.1.  Gene map of f237 and ST36-associated phage. 
Gene content of f237, Vipa10290 (from 10290), Vipa36 (from MAVP36), and Vipa26 (from 
MAVP26).  Gene regions of the same color are the same genes, with the exception of 
hypothetical proteins, which are unique unless specified with a letter designation. 
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Screening environmental isolates for Vipa26 and Vipa36 reveals diverse phage population 
  To determine if ST36 strains horizontally acquired Vipa26 and Vipa36 from New 
England (NE), we designed PCR primers to detect f237-like phage, NE-like phage, and Vipa26 
and Vipa36, by targeting both conserved and unique hypothetical genes producing amplicons of 
different sizes (Fig. 4.2).  Screening environmental isolates from New Hampshire, Connecticut, 
and Massachusetts revealed what appeared to be a highly diverse population of phage.  Several 
environmental strains tested positive for the primer sets as expected for Vipa26 (f237-like, NE-
like, and Vipa26) and Vipa36 (f237-like, NE-like, and Vipa36) (Table 4.1).  But there were also 
strains with ambiguous banding patterns that, while they were the expected size, were an 
unexpected combination of bands (Table 4.1, Table 4S.1). 
 
 
 
Figure 4.2. Visualization of amplification by phage-detection PCR primers. 
The PCR to detect f237-like phage, NE-like phage, and Vipa26 and Vipa36 was developed as a 
two-step multiplex using tlh as an internal control.  Reactions were visualized on a 0.7% agarose 
gel at 60V, using 1Kb+ ladder for size reference. 
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Table 4.1. Summary of screening environmental strains for phage. 
Total numbers of Vipa26, Vipa36, and other phage harbored in environmental isolates from the 
Long Island Sound and Gulf of Maine.  Ambiguous refers to results not matching Vipa26 or 
Vipa36. 
 
 
 
Phage 
LIS GOM 
CT MA NH MA 
Vipa26 1 1 3 7 
Vipa36 1 0 2 7 
Ambiguous 5 12 22 39 
Total screened 50 27 136 153 
 
The phage population was more diverse than first anticipated, and there appeared to be 
other f237-like and NE-like phage in environmental strains that were neither Vipa26 nor Vipa36.  
We sequenced the genomes of several of these phage-harboring environmental strains to confirm 
the accuracy of the primer sets.  Whole genome sequencing confirmed there were f237-like 
phage other than Vipa26 and Vipa36 present in New England V. parahaemolyticus strains.  Of 
the strains that were sequenced, none of the environmental strains identified as harboring Vipa36 
from PCR actually harbored this phage.  Only two sequenced environmental strains carried 
Vipa26, G1445 and G1449, but G1449 did not show the expected PCR bands.  Further 
investigations into the gene amplified by the NE-like primers, hypothetical protein A, revealed 
this gene was present in other V. parahaemolyticus strains from other regions, both with and 
without f237-like phage content, and therefore was not effective in detecting phage unique to 
NE.  The ambiguity and inconsistencies indicated the primers in this study were not able to 
uniquely detect Vipa26 and Vipa36 from environmental strains, and they need to be modified for 
future use.   
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Relationship of all V. parahaemolyticus strains with distribution of f237-like phage 
Whereas the V. parahaemolyticus ST3 lineage is historically characterized by f237 [147], 
we identified three unique ST36 strains that harbored three unique f237-like phage.  This 
suggested f237-like phage were basally acquired for some lineages but were a more recent 
acquisition for others.  To analyze strain relatedness and the presence of f237-like phage, 
publicly available and in-house V. parahaemolyticus genomes were sequence-typed and included 
in a maximum-likelihood phylogenetic tree.  The sequence types and phage content of these 
strains are in Table 4.2.  The phylogenetic tree, which included 24.2% of the reference genomes, 
revealed clonal clades of the same known ST, including STs 3 and 36, as well as several 
previously undefined STs (Fig. 4.3).  Whereas the close grouping of three sets of sequence types 
(STs 3 and 36; 111, 653, and 114; and 8 and ST-NF) indicated shared ancestry, other pathogenic 
lineages (e.g., 34, 43, 417, 647, and 636) were elsewhere in the tree.  The lack of a single lineage 
for all pathogens indicates pathogenicity evolved multiple times, similar to V. cholerae [67].  A 
maximum-likelihood phylogenetic tree of just the phage-harboring strains, which used 58.1% of 
the reference genomes, had a very similar topography (Fig. 4S.1) to the whole genome tree with 
all V. parahaemolyticus strains, implying ST was a good representation of overall genome 
similarity. 
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Table 4.2.  All strains used in this study. 
List of all strains used in this study, including NCBI assembly ID (or none if sequenced in-house), year collected, geographic region 
and country, clinical (C) or environmentally isolated (E), sequence type (ST) and phage type, if present.  N/A for any category 
indicates the information was not available.   Phage types with an * indicate phage content was present over multiple scaffolds with 
complete coverage, or nearly complete coverage over one scaffold.  NF for sequence type indicates there is not yet a defined sequence 
type matching that strain. 
 
 
Strain Assembly ID Year Location Country C/E ST Phage 
029-1b GCA_000707045.1 1997 Oregon USA E 36 Vipa10290* 
04-1290 GCA_000878815.1 2004 Alberta Canada C 36 None 
04-2549 GCA_000951795.1 2004 Saskatchewan Canada C 3 f237 
04-2551 GCA_000975195.1 2004 Ontario Canada C 3 f237 
07-1339 GCA_000972045.1 2007 British Columbia Canada C 3 f237 
07-2965 GCA_000960565.1 2007 Saskatchewan Canada C 326 None 
08-0278 GCA_000960645.1 2008 Alberta Canada C 216 None 
08-7626 GCA_000960665.1 2008 Alberta Canada C 417 None 
09-3216 GCA_000878785.1 2009 British Columbia Canada C 36 None 
09-3217 GCA_000960655.1 2009 British Columbia Canada C 43 Other 
09-3218 GCA_000974905.1 2009 British Columbia Canada C 417 None 
09-4434 GCA_000972125.1 2009 Alberta Canada C 417 None 
09-4435 GCA_000960685.1 2009 British Columbia Canada C 3 f237 
09-4660 GCA_000972055.1 2009 British Columbia Canada C 417 None 
09-4661 GCA_001559885.1 2009 British Columbia Canada C 417 None 
09-4663 GCA_001006115.1 2009 British Columbia Canada C 417 None 
09-4664 GCA_000972035.1 2009 British Columbia Canada C 417 None 
09-4681 GCA_000972025.1 2009 New Brunswick Canada C 632 None 
090-96 GCA_000701045.1 1996 N/A Peru C 265 None 
10-4241 GCA_000878805.1 2006 British Columbia Canada C 36 None 
10-4242 GCA_000878755.1 2006 British Columbia Canada C 36 None 
10-4243 GCA_000972105.1 2006 British Columbia Canada C 141 None 
10-4244 GCA_001006125.1 2006 British Columbia Canada C 141 None 
10-4245 GCA_000878725.1 2006 British Columbia Canada C 36 None 
10-4246 GCA_000878705.1 2006 British Columbia Canada C 36 None 
10-4247 GCA_000878665.1 2006 British Columbia Canada C 36 None 
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10-4248 GCA_000878675.1 2006 British Columbia Canada C 36 None 
10-4251 GCA_001006105.1 2006 British Columbia Canada C 3 f237 
10-4255 GCA_001006195.1 2006 British Columbia Canada C 43 Other 
10-4274 GCA_000878735.1 2005 British Columbia Canada C 36 None 
10-4287 GCA_001006185.1 2003 British Columbia Canada C 50 None 
10-4288 GCA_000878645.1 2003 British Columbia Canada C 36 None 
10-4293 GCA_000878595.1 2002 British Columbia Canada C 36 Vipa10290 
10-4298 GCA_000878565.1 2001 British Columbia Canada C 36 None 
10-4303 GCA_000878575.1 2000 British Columbia Canada C 36 Vipa10290 
10-7197 GCA_000878585.1 2008 British Columbia Canada C 36 None 
10-7205 GCA_001006205.1 2008 British Columbia Canada C 417 None 
10290 GCA_000454205.1 1997 Washington USA C 36 Vipa10290 
10292 GCA_000707245.1 1997 Washington USA C 50 None 
10296 GCA_000500105.1 1997 Washington USA C 36 Vipa10290 
10329 GCA_001188185.1 1998 Washington USA C 36 Vipa10290 
12310 GCA_000500755.1 2006 Washington USA C 36 None 
12315 GCA_000877535.1 2006 Washington USA C 36 None 
13-028-A3 GCA_000737635.1 2013 N/A Vietnam E 1166 None 
22702 GCA_000958645.1 1998 Georgia USA E NF Other 
3256 GCA_000519405.1 2007 N/A USA C 36 None 
3259 GCA_000454245.1 N/A N/A N/A N/A 479 None 
3324 GCA_000877495.1 2007 Washington USA C 36 None 
3355 GCA_000877615.1 2007 N/A USA C 65 None 
3631 GCA_000877595.1 2007 Washington USA C 417 None 
3644 GCA_000877755.1 2007 Washington USA C 43 Other* 
3646 GCA_000877765.1 2007 Washington USA C 417 None 
48057 GCA_000706825.1 1990 Washington USA C 36 Vipa10290 
48291 GCA_000707525. 1990 Washington USA C 36 Vipa10290 
49 GCA_000877625.1 2007 Washington USA E 137 Other 
50 GCA_000519385.1 2006 N/A USA C 34 None 
605 GCA_000519365.1 2006 Washington USA E 3 f237 
846 GCA_000877405.1 2007 Washington USA E 36 None 
861 GCA_000524535.1 2007 Washington USA E 3 f237 
863 GCA_000877485.1 2007 Washington USA E 3 f237 
901128 GCA_000877675.1 1997 N/A USA C 135 None 
930 GCA_000877475.1 2007 Washington USA E 3 f237 
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949 GCA_000454455.1 2006 Washington USA C 3 f237 
97-10290 GCA_000877425.1 1997 Washington USA C 36 Vipa10290 
98-513-F52 GCA_000707605.1 1998 Louisiana USA E 34 None 
A1EZ919 GCA_001559895.1 2001 British Columbia Canada C N/A Vipa10290 
A4EZ700 GCA_001559805.1 2004 British Columbia Canada C N/A Other* 
AN-5034 GCA_000182385.1 1998 N/A Bangladesh C 3 f237 
AQ3810 GCA_000154045.1 1983 N/A Japan C 87 None 
AQ4037 GCA_000182365.1 1985 N/A Japan C 96 None 
ATC210 GCA_001270885.1 1998 N/A Chile C 3 f237 
ATC220 GCA_001270975.1 1998 N/A Chile C 3 f237 
ATCC_17802 GCA_001011015.1 1951 N/A Japan C 1 None 
B-265 GCA_000516875.1 2004 N/A Mozambique C 3 f237 
BB22OP GCA_000328405.1 1982 N/A Bangladesh E 88 None 
CTVP4C In-house 2012 Connecticut USA C 36 None 
CTVP5C In-house 2012 Connecticut; New York USA C 36 None 
CTVP6C In-house 2012 New York USA C 36 None 
CTVP13C In-house 2012 N/A N/A C 36 Vipa36 
CTVP19C In-house 2013 Massachusetts USA C 34 None 
CTVP20C In-house 2013 N/A N/A C 36 Vipa26 
CTVP20E In-house 2013 Connecticut USA E 28 None 
CTVP23C In-house 2013 Massachusetts; Virginia USA C 36 None 
CT24E In-house 2013 Connecticut USA E 1136 Other 
CTVP25C In-house 2013 Connecticut USA C 36 Vipa26 
CTVP29C In-house 2013 Connecticut USA C NF None 
CTVP30C In-house 2013 Connecticut USA C 36 None 
CTVP35C In-house 2013 Washington; British Columbia; New Brunswick USA, Canada C 194 None 
CTVP41C In-house 2013 Massachusetts; Prince Edward Island USA, Canada C 36 Vipa36 
CTVP44C In-house 2013 Connecticut USA C 36 Vipa10290 
CT4264 In-house 2013 Connecticut USA E NF Other 
CT4287 In-house 2013 Connecticut USA E 674 Other 
CT4291 In-house 2013 Connecticut USA E 674 Other 
EKP-008 GCA_000510585.1 2007 N/A Bangladesh E 479 None 
EKP-021 GCA_000571915.1 2008 N/A Bangladesh E 3 f237 
EKP-026 GCA_000525005.1 2008 N/A Bangladesh E 3 f237 
EKP028 GCA_000522005.1 2008 N/A Bangladesh E 3 f237 
EN2910 GCA_000877685.1 2000 Washington USA C 36 Vipa10290 
  
 
9
0
 
EN9701072 GCA_000877715.1 1997 Washington USA C 43 Other* 
EN9701121 GCA_000877725.1 1997 Washington USA C 50 None 
EN9701173 GCA_000877555.1 1997 Washington USA C 36 Vipa10290 
EN9901310 GCA_000877565.1 1999 Washington USA C 36 Vipa10290 
F11-3A GCA_000707545.1 1988 Washington USA C 36 Vipa10290 
FDA_R31 GCA_000430405.1 2007 Louisiana USA N/A 23 Other 
FORC_004 GCA_001433415.1 N/A N/A N/A N/A N/A None 
FORC_006 GCA_001304775.1 2014 Gyeongnam South Korea N/A N/A Other 
FORC_008 GCA_001244315.1 N/A N/A N/A N/A N/A None 
G8 In-house 2007 New Hampshire USA E NF None 
G61 In-house 2007 New Hampshire USA E 1125 None 
G79 In-house 2007 New Hampshire USA E NF None 
G95 In-house 2007 New Hampshire USA E NF None 
G145 In-house 2007 New Hampshire USA E NF None 
G149 In-house 2007 New Hampshire USA E 631 None 
G151 In-house 2007 New Hampshire USA E 83 None 
G227 In-house 2007 New Hampshire USA E 1087 None 
G320 In-house 2008 New Hampshire USA E NF Other* 
G360 In-house 2008 New Hampshire USA E NF None 
G363 In-house 2008 New Hampshire USA E NF Other* 
G441 In-house 2008 New Hampshire USA E NF None 
G445 In-house 2008 New Hampshire USA E NF None 
G524 In-house 2008 New Hampshire USA E NF None 
G640 In-house 2008 New Hampshire USA E NF None 
G650 In-house 2008 New Hampshire USA E NF None 
G653 In-house 2008 New Hampshire USA E NF None 
G729 In-house 2008 New Hampshire USA E 380 Other* 
G735 In-house 2008 New Hampshire USA E NF None 
G747 In-house 2008 New Hampshire USA E NF None 
G755 In-house 2008 New Hampshire USA E NF None 
G756 In-house 2008 New Hampshire USA E NF None 
G760 In-house 2008 New Hampshire USA E NF None 
G1286 In-house 2009 New Hampshire USA E 107 Other* 
G1334 In-house 2009 New Hampshire USA E NF None 
G1350 In-house 2009 New Hampshire USA E NF None 
G1355 In-house 2009 New Hampshire USA E NF None 
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G1386 In-house 2009 New Hampshire USA E 1356 Other 
G1393 In-house 2009 New Hampshire USA E NF None 
G1445 In-house 2009 New Hampshire USA E NF Vipa26 
G1449 In-house 2009 New Hampshire USA E NF Vipa26 
G1463 In-house 2009 New Hampshire USA E NF None 
G1487 In-house 2009 New Hampshire USA E NF None 
G3578 In-house 2013 New Hampshire USA E 674 Other 
G3599 In-house 2013 New Hampshire USA E 674 Other 
G3654 In-house 2013 New Hampshire USA E 1123 None 
G3673 In-house 2013 New Hampshire USA E 34 None 
G4026 In-house 2013 New Hampshire USA E 773 None 
G4186 In-house 2013 New Hampshire USA E 34 None 
G6928 In-house 2015 New Hampshire USA E 631 None 
G6494 In-house 2015 New Hampshire USA E NF Other 
G6499 In-house 2015 New Hampshire USA E NF Other 
Gxw_7004 GCA_001541615.1 2007 Guangxi China C N/A f237 
Gxw_9143 GCA_001541625.1 N/A N/A N/A N/A N/A None 
HS-06-05 GCA_001280705.1 N/A N/A N/A N/A N/A None 
HS-13-1 GCA_001270125.1 N/A N/A N/A N/A N/A None 
IDH02189 GCA_000522025.1 2009 N/A India C 3 f237 
ISF-01-07 GCA_001267555.1 N/A N/A N/A N/A N/A None 
ISF-25-6 GCA_001267595.1 N/A N/A N/A N/A N/A None 
ISF-29-3 GCA_001273575.1 N/A N/A N/A N/A N/A None 
ISF-54-12 GCA_001280635.1 N/A N/A N/A N/A N/A None 
ISF-77-01 GCA_001270285.1 N/A N/A N/A N/A N/A None 
ISF-94-1 GCA_001280645.1 N/A N/A N/A N/A N/A None 
J-C2-34 GCA_000958655.1 N/A N/A N/A N/A NF None 
K23 GCA_001497485.1 N/A N/A N/A N/A N/A None 
K1198 GCA_001188035.1 2004 Alaska USA E 59 Other 
K1203 GCA_000707585.1 2004 Alaska USA E 59 Other 
K1461 GCA_000958575.1 N/A N/A N/A N/A 36 None 
K5030 GCA_000182465.1 2005 N/A India C 3 f237 
M0605 GCA_000523375.1 2013 N/A Mexico E 539 Other 
MA5 In-house 2013 Duxbury, MA USA E NF Other 
MA58 In-house 2014 Wellfleet, MA USA E NF Other 
MA59 In-house 2014 Wellfleet, MA USA E NF Other* 
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MA60 In-house 2014 Wellfleet, MA USA E NF Other 
MA76 In-house 2014 Wellfleet, MA USA E NF Other 
MA77 In-house 2014 Wellfleet, MA USA E NF Other 
MA78 In-house 2014 Wellfleet, MA USA E NF Other 
MA97 In-house 2014 Wellfleet, MA USA E NF Other 
MA118 In-house 2014 Wellfleet, MA USA E NF None 
MA137 In-house 2014 Duxbury, MA USA E NF None 
MA143 In-house 2014 Duxbury, MA USA E NF Other* 
MA145 In-house 2014 Duxbury, MA USA E NF Other 
MA146 In-house 2014 Duxbury, MA USA E NF Other 
MA147 In-house 2014 Duxbury, MA USA E NF Other 
MA157 In-house 2014 Duxbury, MA USA E 771 None 
MA161 In-house 2014 Duxbury, MA USA E NF Other 
MA175 In-house 2014 Katama, MA USA E 1399 Other 
MA239 In-house 2014 Katama, MA USA E NF Other 
MA267 In-house 2015 Katama, MA USA E 1185 Other 
MA271 In-house 2015 Katama, MA USA E 1185 Other 
MA281 In-house 2015 Dennis, MA USA E NF None 
MA303 In-house 2015 Dennis, MA USA E NF None 
MA304 In-house 2015 Dennis, MA USA E NF None 
MA371 In-house 2015 Katama, MA USA E 1185 Other 
MA398 In-house 2015 Barnstable, MA USA E NF None 
MA414 In-house 2015 Barnstable, MA USA E NF None 
MA432 In-house 2015 Barnstable, MA USA E 1185 Other 
MA441 In-house 2015 Barnstable, MA USA E NF None 
MA448 In-house 2015 Barnstable, MA USA E 1185 Other 
MA459 In-house 2015 Dennis, MA USA E NF None 
MA505 In-house 2015 Dennis, MA USA E NF None 
MA561 In-house 2015 Barnstable, MA USA E 631 None 
MAVP1 In-house 2013 Virginia USA C 36 None 
MAVP2 In-house 2013 
Barnstable, MA; Plymouth, MA; Katama, MA; Virginia; 
Washington 
USA C 36 Vipa26 
MAVP4 In-house N/A N/A N/A C N/A None 
MAVP5 In-house 2013 New York USA C NF None 
MAVP6 In-house 2013 Plymouth, MA USA C 36 Vipa26 
MAVP7 In-house 2013 Duxbury, MA; Kingston, MA; New Brunswick; Maine USA, Canada C 36 None 
MAVP8 In-house 2013 Duxbury, MA; Kingston, MA; Plymouth, MA; Little Harbor, USA C 36 Vipa26 
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MA; Barnstable, MA; Maine 
MAVP9 In-house N/A N/A N/A C 36 Vipa26 
MAVP10 In-house N/A N/A N/A C 1346 None 
MAVP13 In-house N/A N/A N/A C NF None 
MAVP14 In-house 2013 
Barnstable, MA; British Columbia; New Brunswick; Prince 
Edward Island; Washington 
USA, Canada C 324 None 
MAVP15 In-house N/A N/A N/A C 1127 None 
MAVP16 In-house 2013 N/A N/A C 36 Vipa26 
MAVP19 In-house 2013 Virginia USA C 36 None 
MAVP20 In-house 2013 Duxbury, MA USA C 36 None 
MAVP21 In-house N/A N/A N/A C 674 Other 
MAVP23 In-house 2013 Virginia USA C 36 None 
MAVP24 In-house 2013 Duxbury, MA; Maine USA C 36 Vipa26 
MAVP25 In-house 2013 N/A N/A C 1127 None 
MAVP26 In-house 2013 Plymouth, MA; Duxbury, MA USA C 36 Vipa26 
MAVP29 In-house 2013 
Barnstable, MA; British Columbia; New Brunswick; Prince 
Edward Island; Washington 
USA, Canada C 36 None 
MAVP30 In-house 2013 N/A N/A C 631 None 
MAVP31 In-house 2013 Connecticut USA C 36 Vipa36 
MAVP36 In-house 2013 Katama, MA USA C 36 None 
MAVP37 In-house 2013 Kingston, MA USA C 36 Vipa26 
MAVP38 In-house 2013 Virginia; Westport, MA USA C 36 Vipa36 
MAVP39 In-house N/A N/A N/A C 631 None 
MAVP41 In-house 2013 N/A N/A C 36 Other 
MAVP45 In-house 2013 Duxbury, MA; Barnstable, MA; Katama, MA USA C 36 Vipa26* 
MAVP46 In-house N/A N/A N/A C 110 None 
MAVP48 In-house 2013 N/A N/A C 36 Vipa36 
MAVP50 In-house 2013 N/A N/A C 636 None 
MAVP51 In-house N/A N/A N/A C 636 None 
MAVP54 In-house 2013 Katama, MA USA C 36 None 
MAVP55 In-house 2013 Massachusetts; Canada  C 632 None 
MAVP56 In-house 2013 Prince Edward Island Canada C 631 Other 
MAVP57 In-house 2013 Prince Edward Island Canada C 636 None 
MAVP60 In-house 2014 Katama, MA USA C 36 Vipa36 
MAVP61 In-house 2014 Katama, MA USA C 36 Vipa36 
MAVP62 In-house 2014 Katama, MA USA C 36 Vipa36 
MAVP63 In-house 2014 Katama, MA USA C 36 Vipa36 
  
 
9
4
 
MAVP64 In-house 2014 Dennis, MA USA C 36 None 
MAVP65 In-house 2014 Plymouth, MA USA C NF None 
MAVP66 In-house 2014 Kingston, MA USA C NF None 
MAVP67 In-house 2014 Oyster Pond River, MA USA C 308 None 
MAVP69 In-house 2014 
Buzzards Bay, MA; Eastham, MA; Wellfleet, MA; Katama, MA; 
Prince Edward Island; Connecticut; Rhode Island; Virginia 
USA, Canada C 43 Other 
MAVP70 In-house 2014 Wellfleet, MA; Duxbury, MA; Virginia USA C 36 Vipa26 
MAVP71 In-house 2014 
Wellfleet, MA; Kingston, MA; Duxbury, MA; Popponesset Bay, 
MA; Stage Harbor, MA; Prince Edward Island; Maine 
USA, Canada C 43 Other 
MAVP72 In-house 2014 Wellfleet, MA; Cotuit Bay, MA USA C 36 None 
MAVP73 In-house 2014 Prince Edward Island; Connecticut USA, Canada C NF Other 
MAVP74 In-house 2014 Prince Edward Island; Connecticut USA, Canada C 631 None 
MAVP75 In-house 2014 Duxbury, MA; Connecticut USA C 631 None 
MAVP76 In-house 2014 Barnstable, MA; Virginia USA C 614 None 
MAVP77 In-house 2014 Wellfleet, MA; Kingston, MA; British Columbia USA, Canada C 36 None 
MAVP78 In-house 2014 Duxbury, MA USA C 631 None 
MAVP79 In-house 2014 Waquoit, MA; Katama, MA USA C 36 Vipa36 
MAVP80 In-house 2015 Katama, MA; Menemsha Inlet and Pond, MA USA C 36 Vipa36 
MAVP81 In-house 2015 Duxbury, MA; Connecticut; Prince Edward Island USA, Canada C 36 None 
MAVP82 In-house 2015 Katama, MA USA C 36 Vipa36 
MAVP83 In-house 2015 Barnstable, MA; Duxbury, MA USA C 36 Vipa26 
MAVP84 In-house 2015 Katama, MA USA C 36 Vipa36 
MAVP85 In-house 2015 Katama, MA USA C 36 Vipa36 
MAVP-A In-house 2010 N/A N/A C 631 None 
MAVP-B In-house 2011 N/A N/A C 1127 None 
MAVP-E In-house 2010 Connecticut USA C 631 None 
MAVP-F In-house 2011 N/A N/A C NF None 
MAVP-G In-house 2011 N/A N/A C 809 Other 
MAVP-H In-house 2011 Barnstable, MA USA C 636 None 
MAVP-I In-house 2011 N/A N/A C N/A None 
MAVP-J In-house N/A N/A N/A C NF None 
MAVP-K In-house N/A N/A N/A C 8 Other 
MAVP-L In-house 2011 Hyannis, MA USA C 631 None 
MAVP-M In-house 2011 Catuit, MA USA C 1127 None 
MAVP-N In-house 2011 N/A N/A C NF Other 
MAVP-P In-house N/A N/A N/A C 631 None 
MAVP-Q In-house 2011 Osterville, MA USA C 631 None 
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MAVP-R In-house 2011 Dennis Port, MA USA C 631 None 
MAVP-S In-house N/A N/A N/A C NF Other 
MAVP-T In-house 2010 N/A N/A C 631 None 
MAVP-U In-house 2011 N/A N/A C 749 Other 
MAVP-V In-house N/A N/A N/A C 36 None 
MAVP-W In-house N/A N/A N/A C 43? Other 
MAVP-X In-house 2011 N/A N/A C 322 None 
MAVP-Y In-house N/A N/A N/A C 43 None 
MDOH-04 In-house 2004 Florida USA C 3 None 
MEVP1 In-house 2013 N/A N/A C 110 None 
MEVP2 In-house 2013 Maine USA C 110 None 
MEVP3 In-house 2013 N/A N/A C 632 None 
MEVP4 In-house 2013 Duxbury, MA USA C 36 Vipa26 
MEVP5 In-house 2013 N/A N/A C NF Other 
MEVP6 In-house 2013 Maine USA C NF None 
MEVP7 In-house N/A N/A N/A C NF Other 
MEVP10 In-house N/A N/A N/A C 36 Other 
NBRC_12711 GCA_000813305.1 N/A N/A N/A N/A 1 None 
NCKU_TN_S02 GCA_000736345.1 N/A N/A N/A N/A 247 None 
NCKU_TV_3HP GCA_000736335.1 N/A N/A N/A N/A 970 None 
NCKU_TV_5HP GCA_000736315.1 N/A N/A N/A N/A 970 None 
NHVP2 In-house 2013 Maine USA C 36 None 
NHVP3 In-house 2013 Virginia USA C 36 Vipa26 
NIHCB0603 GCA_000454265.1 2006 N/A Bangladesh C 3 f237 
NIHCB0757 GCA_000477475.1 2006 N/A Bangladesh C 65 None 
NSV_7536 GCA_001471485.1 N/A N/A N/A N/A N/A None 
NY-3438 GCA_000707565.1 1998 New York USA C 36 Vipa10290 
Peru288 GCA_000522065.1 2001 N/A Peru C 3 f237 
peru466 GCA_000182345.1 1996 N/A Peru C 3 f237 
PMA109_5 GCA_001270805.1 2005 Puerto Montt Chile E 3 f237 
PMA37.5 GCA_001270835.1 2005 Puerto Montt Chile E 3 f237 
PMC14_7 GCA_001270895.1 2007 Puerto Montt Chile C 3 f237 
PMC48 GCA_001270905.1 N/A N/A N/A N/A N/A None 
PMC58_5 GCA_001270815.1 2005 Puerto Montt Chile C 3 f237 
PMC58_7 GCA_001270825.1 2007 Puerto Montt Chile C 3 f237 
RIMD_2210633 GCA_001270945.1 1996 Kansai Japan C 3 f237 
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RM-13-3 GCA_001267965.1 N/A N/A N/A N/A N/A None 
RM-14-5 GCA_001273555.1 N/A N/A N/A N/A N/A None 
RM-17-6 GCA_001267655.1 N/A N/A N/A N/A N/A None 
S176-10 GCA_001280725.1 N/A N/A N/A N/A N/A None 
S195-7 GCA_001268005.1 N/A N/A N/A N/A N/A None 
S349-10 GCA_001268015.1 2010 N/A Canada E 1516 Other 
S357-21 GCA_001273635.1 N/A N/A N/A N/A N/A None 
S372-5 GCA_001280655.1 N/A N/A N/A N/A N/A None 
S383-6 GCA_001267625.1 2011 N/A Canada N/A N/A Other 
S439-9 GCA_001270155.1 N/A N/A N/A N/A N/A None 
S440-7 GCA_001270235.1 N/A N/A N/A N/A N/A None 
S448-16 GCA_001267635.1 2012 N/A Canada N/A N/A Other 
S456-5 GCA_001268045.1 2012 N/A Canada N/A N/A Other 
S487-4 GCA_001270215.1 N/A N/A N/A N/A N/A None 
S499-7 GCA_001270145.1 2013 N/A Canada E N/A Other 
SBR10290 GCA_000522045.1 1997 Washington USA C 36 Vipa10290 
SG176 GCA_000958565.1 2006 Georgia USA E NF Other 
SNUVpS-1 GCA_000315135.1 2012 N/A Korea E 917 None 
T12739 GCA_000786835.1 N/A N/A N/A N/A 546 None 
T9109 GCA_000786845.1 N/A N/A N/A N/A 634 None 
TUMSAT_D06_S3 GCA_000591495.1 N/A N/A N/A N/A 413 None 
TUMSAT_DE1_S1 GCA_000591455.1 N/A N/A N/A N/A 114 Other 
TUMSAT_DE2_S2 GCA_000591475.1 N/A N/A N/A N/A 970 None 
TUMSAT_H01_S4 GCA_000591515.1 N/A N/A N/A N/A 698 None 
TUMSAT_H10_S6 GCA_000591555.1 N/A N/A N/A N/A 977 None 
UCM-V493 GCA_000568495.1 2002 N/A Spain E 471 None 
V14-01 GCA_000558885.1 2001 N/A Chile C 3 f237 
v110 GCA_000388025.1 2010 Hong Kong China E 809 None 
V223-04 GCA_000558905.2 2004 N/A Chile C NF f237* 
VH3 GCA_001013435.1 N/A N/A N/A N/A NF None 
VIP4-0219 GCA_000500525.1 2006 Hong Kong China E 937 Other 
VIP4-0395 GCA_000500505.1 2007 Hong Kong China C 3 f237 
VIP4-0407 GCA_000500405.1 2008 Hong Kong China C 3 f237 
VIP4-0430 GCA_000500445.1 2008 Hong Kong China E 507 Other 
VIP4-0434 GCA_000500425.1 N/A N/A N/A N/A 332 None 
VIP4-0439 GCA_000500365.1 2008 Hong Kong China C 3 f237 
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VIP4-0443 GCA_000500465.1 N/A N/A N/A N/A NF None 
VIP4-0444 GCA_000500485.1 N/A N/A N/A N/A NF None 
VIP4-0445 GCA_000500385.1 2008 Hong Kong China C NF f237 
VIP4-0447 GCA_000500545.1 N/A N/A N/A N/A 396 None 
VP-48 GCA_000593285.1 1996 N/A India C N/A f237 
VP-NY4 GCA_000454145.1 1997 N/A India C 3 f237 
VP1 GCA_000707405.1 2012 Maryland USA C 631 None 
VP2 GCA_000707165 2012 Maryland USA C 651 None 
VP3 GCA_000707145.1 2012 Maryland USA C 652 None 
VP4 GCA_000707025.1 2012 Maryland USA C 653 Other 
VP5 GCA_000706945.1 2012 Maryland USA C 113 None 
VP6 GCA_000707065.1 2012 Maryland USA C 677 Other* 
VP7 GCA_000707305.1 2012 Maryland USA C 113 None 
VP8 GCA_000707425.1 2012 Maryland USA C 631 None 
VP9 GCA_000707385.1 2012 Maryland USA C 631 None 
VP10 GCA_000707445.1 2012 Maryland USA C 43 Other 
VP11 GCA_000707105.1 2012 Maryland USA C 113 None 
VP12 GCA_000707225.1 2012 Maryland USA C 36 None 
VP13 GCA_000707685.1 2012 Maryland USA C 678 None 
VP14 GCA_000707705.1 2012 Maryland USA C 162 Other 
VP15 GCA_000707725.1 2012 Maryland USA C 679 None 
VP16 GCA_000707745.1 2012 Maryland USA C 3 f237 
VP17 GCA_000707765.1 N/A N/A N/A N/A 3 f237* 
VP18 GCA_000707805.1 2012 Maryland USA C 3 f237 
VP19 GCA_000707785.1 2010 Maryland USA C 8 Other 
VP20 GCA_000707825.1 2010 Maryland USA C 8 Other* 
VP21 GCA_000707645.1 2010 Maryland USA E 8 Other* 
VP22 GCA_000707905.1 2010 Maryland USA E 676 None 
VP23 GCA_000707665.1 2010 Maryland USA E 8 Other 
VP24 GCA_000707265.1 2010 Maryland USA E 8 Other 
VP25 GCA_000707285.1 2010 Maryland USA E 810 None 
VP26 GCA_000707085.1 2010 Maryland USA E 811 None 
VP27 GCA_000707365.1 2010 Maryland USA E 34 None 
VP28 GCA_000707185.1 2010 Maryland USA E 768 Other 
VP29 GCA_000707345.1 2010 Maryland USA E 8 Other 
VP30 GCA_000706925.1 2013 Maryland USA C 36 None 
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VP31 GCA_000707445.1 2013 Maryland USA C 631 None 
VP32 GCA_000707325.1 2013 Maryland USA C 36 None 
VP33 GCA_000707845.1 2013 Maryland USA C 36 None 
VP34 GCA_000707005.1 2012 Maryland USA C 653 None 
VP35 GCA_000707465.1 2013 Maryland USA C 631 None 
VP36 GCA_000707865.1 2013 Maryland USA C 36 None 
VP38 GCA_000706845.1 2013 Maryland USA C 36 None 
VP39 GCA_000706985.1 2013 Maryland USA C 896 None 
VP40 GCA_000706865.1 2013 Maryland USA C 36 None 
VP41 GCA_000707485.1 2013 Maryland USA C 631 None 
VP42 GCA_000706965.1 2013 Maryland USA C 36 None 
VP43 GCA_000707205.1 2013 Maryland USA C 36 None 
VP44 GCA_000707505.1 2013 Maryland USA C 631 None 
VP45 GCA_000706885.1 2013 Maryland USA C 631 None 
VP46 GCA_000706905.1 2013 Maryland USA C 36 None 
VP49 GCA_000662375.1 2008 Mangalore India E 1024 None 
VP232 GCA_000454185.1 1998 N/A India C 3 f237 
VP250 GCA_000454225.1 1998 N/A India C 3 f237 
VP551 GCA_000877415.1 2007 Washington USA E 3 f237 
VP766 GCA_000877605.1 2007 Washington USA E 133 None 
VP2007-007 GCA_000558925.1 2007 Mississippi USA E 306 None 
VP2007-095 GCA_000454165.1 2007 Florida USA C 631 None 
VPCR-2009 GCA_000593305.1 N/A N/A N/A N/A NF None 
VPCR-2010 GCA_000454475.1 2010 N/A USA E 308 None 
VPTS-2009 GCA_000593325.1 N/A N/A N/A N/A 1013 None 
VPTS-2010 GCA_000593345.1 N/A N/A N/A N/A 6 None 
VPTS-2010-2 GCA_000593365.1 N/A N/A N/A N/A NF None 
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Figure 4.3. Maximum-likelihood tree of V. parahaemolyticus strains. 
Strains are colored red if they contain f237, orange Vipa10290, green Vipa26, blue Vipa36, and 
purple for other phage.  These other phage are not necessarily identical.  The circle after the 
strain name represents phage content present over multiple scaffolds with complete coverage, or 
nearly complete coverage over one scaffold.  The sequence type (ST) of clades of interest (ST3, 
ST36, clonal with phage, and clinical strains) is marked.  ST-NF refers to sequence types that are 
not yet defined. 
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With the exception of two isolates, PMC 48 and MDOH-04, all ST3 strains contained 
f237.  f237 is unique to the pandemic lineage, and is used as a diagnostic identifier [145, 147].  
ST36 strains, on the other hand, harbored Vipa10290, Vipa36, and Vipa26 (Fig. 4.3).  This 
indicates these phage were acquired after the evolution of this lineage, and the separation of 
strains by phage type suggested overall genetic similarity between strains harboring the same 
phage.  Two ST36 strains, MAVP41 and MEVP10, harbored other phage types.  The phage in 
MAVP41 aligned identically to 10593/10893bp ofVipa26 spread across three scaffolds, and no 
sequence aligned to the remaining 300bp.  This strain assembled into 234 scaffolds, which is less 
than ideal.  It is possible MAVP41 harbored Vipa26, but it was not captured in the assembly.  
MEVP10, on the other hand, assembled into 33 scaffolds and contained f237-like phage content 
on a single scaffold.  This alignment captured the span of ORF10 through ORF9, and the 
hypothetical genes did not match Vipa26 or Vipa36, so MEVP10 indeed harbored another type 
of phage.  G1445 and G1449, the environmental strains that harbored Vipa26, did not share 
ancestry with ST36 harboring Vipa26.  The overall genetic relationship between V. 
parahaemolyticus strains was driven more by genetic similarities between strains of the same ST 
than phage type, and characterization of the other phage may reveal additional ST-specific phage 
and elucidate part of these strains’ evolutionary past.   
 
Phylogeography of V. parahaemolyticus ST36 strains and association of Vipa10290, Vipa26 and 
Vipa36 with subpopulation 
Knowing the ST36 lineage acquired phage after evolving, we examined the phylogenetic 
relationship of just ST36 to further clarify the relationship between these strains.  The maximum 
likelihood tree, which was based on 79.6% of the reference strains, clustered strains into three 
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main branches (Fig. 4.4).  The bottommost branch contained the oldest strains, Pacific Northwest 
(PNW) strains from 1988-2002.  This branch also contained NY-3438 from the Long Island 
Sound (LIS) in 1998. This suggests there was an initial invasion into the LIS from the PNW in 
1998 or earlier, perhaps coinciding with the spread of ST3 that caused a multistate outbreak in 
1998 [32, 33].  The second LIS strain in this branch, CT44C, was from 2013.  This suggests one 
of two things: this lineage invaded the LIS twice, or this lineage persisted in the LIS after the 
initial invasion.  Whole genome variant analysis revealed only 70 differences between NY-1998 
and CT44C, all of which are single base pair indels or SNPs.  However, this lineage did not 
cause any infections in Connecticut or southern Cape Cod prior to the outbreak in 2013 (NY data 
is unavailable).  This may suggest two separate invasions of this lineage, but could also suggest 
something (perhaps increasing ocean temperatures [10, 136, 138, 215]) other than the mere 
presence of the ST36 strains in the environment triggered the outbreak.   
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Figure 4.4. Maximum-likelihood tree of V. parahaemolyticus ST36 strains. 
Strains are colored based on geographic origin: green in the Pacific Northwest (British 
Columbia, Washington, Oregon), purple is the mid-Atlantic coast (Maryland, Virginia), orange is 
the Long Island Sound (New York, Connecticut, southern Cape Cod), and blue is the Gulf of 
Maine (northern Cape Cod, Maine, Prince Edward Island).  Strains with no coloring had no 
traceback data, and strains with multiple colors were unable to be traced to a single region.  
Phage type is indicated by a shape following the strain name: the square is Vipa10290, the circle 
is Vipa26, the triangle is Vipa36, and the star is other.  The strains with other do not have the 
same phage. 
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 The middle branch in this phylogenetic tree contained PNW strains from 2003-2009, 
Gulf of Maine (GOM) strains from 2013-2015, and a few strains with mixed or no traceback data 
(Fig. 4.4).  This tree topology suggests the population of strains that caused illness in the PNW 
shifted, supporting data showing the emergence of a new lineage in the PNW [136].  However, 
the ST36 strains causing illness in the August 2012 outbreak in Galicia, Spain are most closely 
related to the older PNW lineage [136], suggesting this population is still present in the 
environment.  The PFGE pattern of ST36 outbreak strains from Galicia is identical to ST36 
strains from NY from June 2012 [141], implying possible origin.  The absence of data is by no 
means conclusive, but there were no publicly available strains from 2002-2012 that closely relate 
to this older lineage, from either the LIS or the PNW, so it is possible the outbreak in Spain was 
caused by this older PNW lineage persisting in the LIS. 
The GOM ST36 strains were more closely related to the newer PNW lineage than the LIS 
strains, despite only being separated by Cape Cod.  The LIS strains are clustered in the upper 
branch, most closely related to the mid-Atlantic coast (MAC) strains and a single PNW strain, 
3324.  While one strain is not enough to confidently draw conclusions about the ancestry of the 
MIC and LIS strains, the ancestry of the MAC and LIS strains was likely shared, and was a 
different ancestry than the GOM population, agreeing with previous work using fewer strains 
[231].  Distinct subpopulations of the PNW established within different regions of the Atlantic 
coast, perhaps indicative of separate invasion events or mechanisms of transport.   
Both the geographic origin and phylogenetic relationship of ST36 strains correlated with 
phage content.  All strains from the older PNW lineage with phage harbored Vipa10290 (Fig. 
4.4) and this phage was not present in any other strains (ST36 or otherwise, Fig. 4.3).  The 
alignment of the Vipa10290 sequences revealed high similarity between the strains; the only 
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differences were a few gaps in 48291, NY-3438, F11-3A, and 48057.  Gaps are eliminated when 
generating both the distance matrix and phylogenetic tree, so the Vipa10290 sequences appeared 
identical in these analyses (data not shown). 
ST36 strains with Vipa36 were all traced to the LIS, and the alignment and distance 
matrix revealed the sequences of Vipa36 were 100% identical (0 base substitutions per site).  
This phage was not in any other phage-harboring strain (Fig. 4.3).  While the LIS and mid-
Atlantic coast populations have shared ancestry, the ancestor that initially acquired Vipa36 
remained localized enough to replicate into a distinct phage-harboring subpopulation in the LIS. 
ST36 strains with Vipa26 were only traced to the GOM, with the exception of CT25C.  
This could be explained by inaccurate traceback, as it is at times quite difficult to pinpoint the 
exact source of the oysters, especially during a multistate outbreak or multi-area exposure.  An 
alignment and distance matrix of Vipa26 revealed the phage in the ST36 strains were also 100% 
identical, whereas the two environmental strains harboring the phage had 0.002 base 
substitutions per site compared to the other strains.  This was reflected in the Vipa26 neighbor-
joining tree (Fig. 4.5).  The assembly of Vipa26 in G1449 contained several ambiguous bases, 
which likely caused G1449 to appear more closely related to the clinical strains than G1445, 
despite several SNPs shared between the environmental strains and not the clinical strains.  This 
identity between the clinical strains implies an early GOM ST36 ancestor cell encountered 
Vipa26 and replicated to produce a phage-harboring population.  These three phage appear to be 
promising for use as a biomarker for inferred ancestry and more refined trace-back for managing 
disease and outbreaks. 
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Figure 4.5. Phylogenetic tree of Vipa26. 
Neighbor-joining tree of Vipa26 phage harbored in ST36 strains and environmental New 
Hampshire strains from the Gulf of Maine. 
 
 
 
There were two ST36 strains possibly harboring f237-like phage other than Vipa10290, 
Vipa26, and Vipa36 (Fig. 4.4).  MAVP41 was from an unknown source in 2013, and although 
somewhat divergent (possibly due to the poor assembly) grouped with the GOM ST36 strains 
and may actually harbor Vipa26.  MEVP10, with no traceback data, grouped closely with the 
2003-2009 PNW strains.  Characterizing the MEVP10 phage, and other phage harbored in V. 
parahaemolyticus strains (Fig. 4.3), may provide other biomarkers assisting with strain traceback 
and/or strain relatedness. 
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CONCLUSIONS  
 In this study, we analyzed the genomes of V. parahaemolyticus strains to elucidate the 
origin of the United States Atlantic-coast ST36 population.  We determined ST36 strains harbor 
three phage with similar architecture to f237: Vipa10290, Vipa26, and Vipa36.  Of the conserved 
genes, two are secondary toxins in CTXΦ [218].  The accessory cholera toxin increases short-
circuit current and causes fluid secretion [206].  The zona occludens toxin [68] modifies tight 
junctions to decrease intestinal tissue resistance [69], and is found in other enteric pathogens 
[207].  ST3 has increased cytoxicity and adherence compared to non-ST3 strains, perhaps due to 
f237 [232].  While not all ST36 strains harbor f237-like phage, these phage, coupled with other 
virulence-associated traits, may increase virulence.  This could be tested by introducing very 
closely related phage-harboring and phage-deficient strains (e.g., MAVP26 and MAVP20, 
respectively) to an animal model to assess differences in virulence. 
 V. cholerae virulence-associated traits, including CTXΦ, were horizontally acquired from 
a diverse environmental population [67].  Environmental New England V. parahaemolyticus 
populations harbored diverse phage, and whereas Vipa36 was not identified, Vipa26 was 
detected in two environmental strains from 2009.  These strains pre-dated the outbreaks, 
implying that the GOM population acquired Vipa26 after arriving to this region.  In New 
England, there have been far more phage-harboring than phage-deficient clinical ST36 strains, so 
harboring f237-like phage may provide not only increased virulence but a fitness advantage in 
the environment.  Phage have the ability to alter bacterial community structure under various 
selective conditions [21, 24, 90].  Current attempts at demonstrating a fitness advantage in 
Vipa26 and Vipa36 phage-harboring strains were unsuccessful [163], but fitness advantage is 
dependent on the pressure source [231] and/or sensitivity of the competitor strain [108].  
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Modifications to the methodology (i.e., triggering phage replication prior to competition, using 
nutrient-poor media) may reveal an advantage. 
 Whole genome phylogenies revealed a phylogeographic relationship between ST36 
strains that suggested multiple invasions into the Atlantic coast.  Subpopulations of ST36 
harbored phage unique to geographic origin that have promise for use in strain traceback.  These 
phage can be detected with our PCR primers, but the primers should be modified and compared 
to the sequenced environmental f237-like phage for increased accuracy.  Such tools permit 
refined shellfish management: having the ability to rapidly pinpoint which oyster beds are 
causing infections can help focus closures to prevent further illness and avoid broad impacts on 
the shellfish industry.  As these phage were horizontally acquired, their usefulness as a 
biomarker may become limited as populations evolve.  However, the phylogenetic trees we 
generated were reference-based, and not all ST36 strains harbored f237-like phage, so genetic 
content other than phage drove the phylogenetic groups that correlated with geographic origin.  
Further examination of the DNA content of these groupings will likely reveal further gene 
content distinct to subpopulations. 
 
METHODS 
Acquiring, characterizing, and sequencing Vibrio parahaemolyticus strains 
 This study utilized whole genome sequences of both publicly available and in-house 
Vibrio parahaemolyticus strains to determine relationships between sequence types and phage 
content.  The genomes of all publicly-available V. parahaemolyticus strains were downloaded 
from NCBI [https://www.ncbi.nlm.nih.gov/genome/691] as of February 2016.  Strains with poor 
assemblies were disregarded, leaving 221 V. parahaemolyticus isolates for analysis (Table 4.2).  
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The sequence type of these strains was inferred by cross-referencing the PubMLST database 
[www.pubmlst.org].  Assembled strains not in the database were cut into 50mers and sequence-
typed using SRST2 [101]. 
In-house isolates were obtained from several sources.  Clinical V. parahaemolyticus 
strains were received from Massachusetts, Maine, New Hampshire, and Connecticut State 
Departments spanning 2010-2015 [231].  Environmental strains were isolated from New 
Hampshire, Connecticut, and Massachusetts oysters between 2007-2015 during Most Probable 
Number enumeration as previously described [107, 132, 135, 184, 210].  All clinical and 
environmental isolates were confirmed as V. parahaemolyticus by detecting the thermolabile 
hemolysin gene (tlh) with PCR as published [161].  Reactions were then visualized on a 0.7% 
agarose gel and samples with a band at the expected size for tlh (450bp) were scored as positive 
for V. parahaemolyticus.   
New Hampshire, Massachusetts, and Connecticut environmental isolates were screened 
with PCR for phage presence. Step-wise PCR primers were developed to detect f237-like phage 
content (1000bp), New England (NE)-like phage content (618bp) and Vipa26 and Vipa36 
(1440bp and 854bp, respectively) that can be used in conjunction with tlh primers as an internal 
control (Table 4.3).  The f237-like primers target ORF3-ORF5, part of the seven conserved 
genes in all f237-like phage.  The NE primers amplify ORF10-hypA.  hypA was present in 
Vipa26 and Vipa36, but not Vipa10290 or f237 (Fig. 4.1).  The final set of primers amplifies the 
region of hypothetical protein genes in Vipa26 and Vipa36 between hypD and ORF9, with each 
phage producing bands of different lengths reflective of the respective number of genes.  Each 
10µL reaction contained 1x Accustart II Supermix, 1µL DNA template, 0.2µM of each forward 
and reverse primer, and nuclease-free water to volume.  The first reaction used f237-like, NE-
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like, and tlh primers at 94°C for 3 minutes; 30 cycles of 94°C for 1 minute, 55°C for 1 minute, 
and 72°C for 1 minute; and 72°C for 5 minutes.  The second reaction used the Vipa26/36 primers 
and tlh primers at the same conditions, with the exception of a 1.5 minute elongation time.   
 
Table 4.3.  PCR primers used in this study. 
Step Primers Genes amplified 5'-3' primer sequence Reference 
f237-like 
ST36Phage F2  
ORF3-ORF5 
AGCAACGAAAACGCCTGT  This paper 
ST36Phage R2 ACCGTATCACCAATGGACTGT This paper 
NE-like 
NEORF10F 
ORF10-hypA 
TTTCTTACTTCTGTGAGCATTTGA This paper 
NEHypR GATTACTGAGCCTCTAAAGCCGTC  This paper 
Vipa26/36  
PhHypDF3 
hypD-ORF9 
AAGTGCTACATGAATGAAAGTGCT This paper 
PhORF9R1 TCAATGAAGTATCACGAAATGACTA This paper 
tlh Control 
TLH-F2  
tlh 
AGAACTTCATCTTGATGACACTGC This paper 
TLH-R  GCTACTTTCTAGCATTTTCTCTGC [161] 
 
In-house isolates of interest (representing various results from the PCR phage screen) 
were sequenced at the Hubbard Center for Genome Studies (University of New Hampshire, 
Durham, NH, USA) on an Illumina HiSeq 2500 (Illumina, Inc., San Diego, California, USA) as 
previously described [231].  Reads were de novo assembled with the A5 pipeline [200] and 
sequence-typed with SRST2 [100] and/or PCR amplification and sequencing the house-keeping 
loci [231].   
 
Analyzing genomic content and relationships of V. parahaemolyticus strains 
 Whole genome variant analysis was performed on sequence type (ST) 36 strains from the 
Pacific Northwest (10290) and Massachusetts (MAVP26, MAVP36) using breseq [49].  All 
sequenced V. parahaemolyticus strains were evaluated for f237-like phage content (ORF1 – zona 
occludens toxin) and specific phage type using BLAST [4].  To determine if the phage were 
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undergoing selective pressure, a Nei-Gojobori codon-based Z test [148] was performed in Mega 
6 [199] on the seven core genes shared between f237, Vipa26, Vipa36, and Vipa10290.   
The evolutionary relatedness of all V. parahaemolyticus strains, f237-like phage-
harboring V. parahaemolyticus strains, and ST36 strains was determined with multiple-reference 
maximum-likelihood phylogenetic trees built with RealPhy [17] using bowtie2 [124] for 
reference mapping and PhyML [87] for generating the tree, visualized with FigTree 1.4.2 [172].  
The references for the trees of all V. parahaemolyticus strains and the phage-harboring strains 
were RIMD-2210633, FDA-R31, and MAVP26, and the references for the ST36 strains were 
10290, MAVP26, and MAVP36.   
After aligning in MEGA 6 [199] with ClustalW [93] at default settings, pairwise distance 
matrices of Vipa10290, Vipa26, and Vipa36 were generated using the Jukes Cantor model [110] 
at default settings to determine similarity of the phage sequence.  A neighbor-joining tree [175] 
was generated for Vipa26 in MEGA 6 [185] using Jukes Cantor model [110] at default settings.    
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SUPPLEMENTAL INFORMATION 
 
Table 4S.1. All results of screening environmental strains for phage. 
Strains are ordered by collection site and then strain. Primers sets (Table 4.3) that produced a 
band of expected size for a given strain is designated by the +, primers that did not produce a 
band are designated by the -, and primer sets untested on a given strain are designated by NT.  
Some of these results have been disproven through whole genome sequencing (see Table 4.2). 
 
Collection Site Strain f237-like NE phage Vipa26 Vipa36 
Connecticut CT1E - - NT NT 
CT2E - - NT NT 
CT3E - - NT NT 
CT4E + + - + 
CT5E - - NT NT 
CT6E - - NT NT 
CT7E - - NT NT 
CT8E - - NT NT 
CT9E - - NT NT 
CT10E + - NT NT 
CT11E - - NT NT 
CT12E - - NT NT 
CT13E - - NT NT 
CT14E + - NT NT 
CT15E - - NT NT 
CT16E - - NT NT 
CT17E - - NT NT 
CT18E - - NT NT 
CT19E - + - + 
CT20E - - NT NT 
CT21E - - NT NT 
CT22E - - NT NT 
CT23E - - NT NT 
CT24E + - + - 
CT25E - - NT NT 
CT4238 - - NT NT 
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CT4240 - - NT NT 
CT4242 - - NT NT 
CT4243 - - NT NT 
CT4245 - - NT NT 
CT4247 - - NT NT 
CT4250 - - NT NT 
CT4252 - - NT NT 
CT4254 - - NT NT 
CT4258 - - NT NT 
CT4259 - - NT NT 
CT4261 - - NT NT 
CT4262 - - NT NT 
CT4264 + + + - 
CT4266 - - NT NT 
CT4267 - - NT NT 
CT4270 - - NT NT 
CT4280 - - NT NT 
CT4285 - - NT NT 
CT4286 - - NT NT 
CT4287 - - NT NT 
CT4290 - - NT NT 
CT4291 - - NT NT 
CT4296 - - NT NT 
CT4300 - - NT NT 
Barnstable, MA MA306 - - NT NT 
MA307 - - NT NT 
MA308 + - - - 
MA309 + - NT NT 
MA310 - - NT NT 
MA311 - - NT NT 
MA312 + - - - 
MA313 - - NT NT 
MA314 - - NT NT 
MA315 - - NT NT 
MA316 - - NT NT 
MA317 - - NT NT 
MA318 + - - - 
MA319 + - NT NT 
MA320 + + - - 
MA321 + - - - 
MA322 - - NT NT 
MA323 - - NT NT 
MA324 - - NT NT 
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MA325 + + - - 
MA326 - - NT NT 
MA327 - - NT NT 
MA328 + + + - 
MA329 - - NT NT 
MA330 - - NT NT 
MA331 - - NT NT 
MA332 + - - - 
MA333 - - NT NT 
MA334 + - - - 
MA335 - - NT NT 
Dennis, MA MA336 - - NT NT 
MA337 - - NT NT 
MA338 - - NT NT 
MA340 - + - - 
MA341 - - NT NT 
MA342 + + - - 
MA343 - - NT NT 
MA344 - - NT NT 
MA345 - - NT NT 
MA346 - - NT NT 
MA347 - - NT NT 
MA348 - - NT NT 
MA349 + - - - 
MA350 - - NT NT 
MA351 - - NT NT 
MA352 + - - - 
MA353 + - - - 
MA354 + - - - 
MA355 + - - - 
MA356 - - NT NT 
MA358 - - NT NT 
MA359 - - NT NT 
MA360 - - NT NT 
MA361 - - NT NT 
MA362 - - NT NT 
MA363 - - NT NT 
MA364 - - NT NT 
MA365 - - NT NT 
MA366 - - NT NT 
MA367 - - NT NT 
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MA368 - - NT NT 
MA369 - - NT NT 
MA370 - - NT NT 
Duxbury, MA MA5 + + - + 
MA35 - - NT NT 
MA43 - - NT NT 
MA48 - - NT NT 
MA51 - - NT NT 
MA54 - - NT NT 
MA55 - - NT NT 
MA104 - - NT NT 
MA105 - - NT NT 
MA106 - - NT NT 
MA107 - - NT NT 
MA109 - - NT NT 
MA136 - - NT NT 
MA138 - - NT NT 
MA139 - - NT NT 
MA143 + + + - 
MA144 - + + + 
MA145 + + + - 
MA146 + + + + 
MA147 + + + - 
MA148 - - NT NT 
MA155 + + - - 
MA156 - - NT NT 
MA157 - - + - 
MA158 - - + - 
MA159 - + - + 
MA160 - + - + 
MA224 + + - + 
Katama, MA MA173 - - NT NT 
MA175 + - NT NT 
MA177 + - NT NT 
MA185 - - NT NT 
MA187 - - NT NT 
MA189 - - NT NT 
MA191 + - NT NT 
MA193 + - NT NT 
MA195 + - NT NT 
MA199 - - NT NT 
MA203 - - NT NT 
MA205 - - NT NT 
MA207 - - NT NT 
MA214 + - NT NT 
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MA216 + - NT NT 
MA220 - - NT NT 
MA235 - - NT NT 
MA237 - - NT NT 
MA239 + + + - 
MA240 - - NT NT 
MA241 - + - - 
MA242 - - NT NT 
MA243 + - NT NT 
MA244 - - NT NT 
MA245 + - NT NT 
MA248 - - + - 
MA250 + + - - 
Wellfleet, MA MA58 + + - + 
MA59 - - - + 
MA60 - + + - 
MA61 - + + - 
MA62 + - - + 
MA63 - - NT NT 
MA64 + - - - 
MA66 + - - + 
MA67 + + + + 
MA68 - - NT NT 
MA70 - - NT NT 
MA71 + - - + 
MA72 - - NT NT 
MA73 - - NT NT 
MA76 + + + - 
MA77 + + + - 
MA78 + + - + 
MA82 + - NT NT 
MA83 + - NT NT 
MA84 - - NT NT 
MA85 + - NT NT 
MA86 - - NT NT 
MA87 + - NT NT 
MA88 - - NT NT 
MA90 + + + - 
MA91 - - NT NT 
MA92 - - NT NT 
MA94 - - NT NT 
MA95 - - NT NT 
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MA96 - - NT NT 
MA97 + - - + 
MA98 + + - + 
MA99 + - NT NT 
MA100 - - NT NT 
MA110 + + + + 
MA112 - - NT NT 
MA113 - - NT NT 
MA114 - - NT NT 
MA115 + - - + 
MA116 - - NT NT 
MA117 - - NT NT 
MA118 + + - + 
MA119 - - NT NT 
MA121 - - NT NT 
MA122 - - NT NT 
MA123 - - NT NT 
MA125 - + NT NT 
MA126 - - NT NT 
MA127 - - NT NT 
MA128 - - NT NT 
MA129 - - NT NT 
MA130 - - NT NT 
MA132 - - NT NT 
MA133 - - NT NT 
MA134 - - NT NT 
MA135 + - NT NT 
MA161 + + - + 
MA162 - - NT NT 
MA163 - - NT NT 
MA167 - - NT NT 
MA169 - - NT NT 
MA170 - - - - 
New Hampshire G1 - + - - 
G4 - - NT NT 
G6 - - NT NT 
G7 + - - - 
G8 - - NT NT 
G10 - - NT NT 
G12 - - NT NT 
G23 - - NT NT 
G25 - + - - 
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G26 - - NT NT 
G31 - - NT NT 
G43 - - NT NT 
G61 - - NT NT 
G62 - - NT NT 
G69 - + - - 
G74 - - NT NT 
G79 + - - - 
G95 - - NT NT 
G227 - - NT NT 
G235 - - NT NT 
G242 - - NT NT 
G316 - - NT NT 
G317 - - NT NT 
G319 - - NT NT 
G325 + + + - 
G365 - - NT NT 
G377 - - NT NT 
G387 - - NT NT 
G389 - - NT NT 
G401 - - NT NT 
G407 + + - - 
G409 - - NT NT 
G412 - - NT NT 
G416 - - NT NT 
G420 - - NT NT 
G425 - - NT NT 
G426 - - NT NT 
G438 - - NT NT 
G439 - - NT NT 
G441 - - NT NT 
G454 - - NT NT 
G478 - - NT NT 
G486 - - NT NT 
G487 - - NT NT 
G498 - - NT NT 
G500 - - NT NT 
G524 - - NT NT 
G535 - - NT NT 
G575 - - NT NT 
G632 - - NT NT 
G633 - - NT NT 
G650 - - NT NT 
G747 - - NT NT 
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G1286 + - - - 
G1386 + - - + 
G1388 - - NT NT 
G1389 - + - - 
G1390 - - NT NT 
G1391 - - NT NT 
G1393 - - NT NT 
G1394 - - NT NT 
G1398 - - NT NT 
G1401 - - NT NT 
G1405 - - NT NT 
G1425 - - NT NT 
G1440 - - NT NT 
G1445 + + + - 
G1449 - + - - 
G1463 - + - - 
G1466 + + - - 
G1470 - - NT NT 
G1474 - - NT NT 
G1480 - - NT NT 
G1487 - - NT NT 
G1488 - - NT NT 
G1489 - - NT NT 
G1491 - - NT NT 
G1493 - - NT NT 
G1498 - - NT NT 
G1501 - - NT NT 
G1502 - + - - 
G1503 - - NT NT 
G1505 - - NT NT 
G1507 - - NT NT 
G1508 + - - - 
G1513 - - NT NT 
G6353 - - NT NT 
G6354 - - NT NT 
G6362 + + - - 
G6363 + + - + 
G6364 - - NT NT 
G6365 - - NT NT 
G6367 - - NT NT 
G6368 + + - - 
G6369 - - NT NT 
G6371 - - NT NT 
G6372 - - NT NT 
G6373 - - NT NT 
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G6374 - - NT NT 
G6375 - - NT NT 
G6376 - - NT NT 
G6377 + + - - 
G6379 - - NT NT 
G6380 - + - - 
G6381 - - NT NT 
G6382 - + - - 
G6383 - - NT NT 
G6385 + + - + 
G6386 - - NT NT 
G6387 - - NT NT 
G6388 - - NT NT 
G6389 - - NT NT 
G6390 - - NT NT 
G6391 - - NT NT 
G6392 - - NT NT 
G6393 - - NT NT 
G6454 - - NT NT 
G6457 - + - - 
G6459 + - - - 
G6462 - - NT NT 
G6464 - - NT NT 
G6475 - - NT NT 
G6484 - - NT NT 
G6494 + - - + 
G6496 - - NT NT 
G6497 - - NT NT 
G6498 - - NT NT 
G6499 + + + - 
G6500 - - NT NT 
G6507 - - NT NT 
G6509 - + - - 
G6510 - - NT NT 
G6511 - - NT NT 
G6512 - - NT NT 
G6513 - - NT NT 
G6514 - - NT NT 
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Figure 4S.1.  Maximum-likelihood tree of phage-harboring V. parahaemolyticus  
ST36 strains. 
Strains are colored red if they contain f237, orange Vipa10290, green Vipa36, blue Vipa26, and 
black for other phage.  These other phage are not necessarily identical.    
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